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Abstract
Half-metallic ferromagnets (HMFs), with fully spin-polarized conduction electrons, are prime
candidates for optimizing spintronic devices. Many Heusler compounds (a class of ternary and
quaternary intermetallics) are predicted to be HMFs, in particular Co2Y Z (where Y is usually
another transition metal, and Z is an s-p element). Crystal structure is controlled by thermo-
dynamics to a large extent. Ideally, one should be able to control and optimize properties which
are of interest by appropriately ”tuning” the structure (e.g. annealing), but first one must un-
derstand the structure and its relation to observed physical properties. A local probe technique
such as nuclear magnetic resonance (NMR) is an essential tool for identifying and quantifying
the various atomic-scale disorders. Different Heusler structure types and antisite disorders affect
the material’s physical properties. In this work order-disorder phenomena in both bulk and
thin film samples of Co2Mn1−xSix and Co2Mn1−xFexSi have been systematically studied using
NMR. Though it is the films which are directly implemented in actual devices, studying bulk
samples as model systems provides invaluable information regarding the material properties.
The evolution of local atomic structure in numerous thin films has been shown to depend greatly
on preparation parameters, including post-deposition annealing temperature, and specific sto-
ichiometry. For Co2MnSi films, the ideal post-annealing temperature for promoting the L21
atomic structure; the threshold temperature above which structure becomes higher-ordered, but
where too much interdiffusion at the buffer interface occurs, degrading the smooth interfaces.
NMR also adds evidence that Co2MnxSi0.88 (x >1) electrodes in magnetic tunnel junctions have
highest tunneling magneto-resistance because the excess Mn suppresses detrimental CoMn anti-
site formation. A systematic investigation of several thermal and magnetic properties, including
Sommerfeld coefficients, Debye temperatures, saturation magnetic moments, spin-wave stiffness,
magnon specific heat coefficient, were measured for selected Co-based ternary and quaternary
Heusler compounds. Obtained values of such parameters were compared with theoretical val-
ues calculated using electronic band structure methods. It has been systematically shown that
adding a magnon term to the specific heat has a neglibible effect on the electronic contribution
in all cases.
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1
Introduction
Here I provide background of the thesis topic by presenting a brief introduction and
history to the fast-paced and growing field of spintronics (§1.1), define and describe
half-metallic ferromagnets (§1.2), go over some basic structural and interesting physical
properties of Heusler compounds (§1.3), and finally describe the layout of this thesis,
giving a preview of subsequent chapters.
1.1 Spintronics
Spin transport electronics, nowadays most commonly referred to as just ”spintronics”,
represents a branch of magnetoelectronics which has catalyzed a paradigm shift in con-
ventional semiconductor-based electronics, without which we would not have benefited
from the advances seen over the last few decades in magnetic data storage capacities and
magnetic recording performance. Spintronics utilizes the spin of the electron (i.e., its
intrinsic angular momentum), in addition to its charge, as an extra degree of freedom to
carry information in devices. Some of the many advantages offered by utilizing the spin
degree of freedom, over conventional electronic devices, include non-volatile data storage,
stored at higher density, along with lower energy consumption [1–4]. The list of current
and potential applications is vast, but a few major ones include the read-write heads
used in hard disk drives, magnetoresistive random access memory (MRAM), angle- and
field-dependent sensors and logic devices. I will now delve into a general introduction
to some popular themes related to the motivation for the work presented in this thesis,
including some basic definitions, but for a more thorough background I refer the reader
to some classic reviews on this multifaceted subject [1–5].
1
2 Chapter 1 Introduction
Figure 1.1: Schematic drawing of simple (spin-valve type) GMR device, with the
magnetization in the (metallic) ferromagnetic electrodes in (a) parallel and (b) anti-
parallel orientations. Electrons are 100% spin-polarized in their originating electrode.
The advent of the spintronics paradigm-shifting revolution began in earnest with discov-
ery of the giant magnetoresistance (GMR) effect, independently discovered by Albert
Fert and Peter Gru¨nberg in 1988-1989, and for which they were jointly awarded the 2007
Nobel Prize in physics.
A large class of spintronic devices, which are most intensely investigated today for re-
alized applications, are the so-called magnetoresistive devices, which are based upon
the dependence of electronic scattering (i.e. resistance) upon the relative orientation of
magnetic states within epitaxial stacks of thin films. By far the most widespread and
familiar application of the GMR effect is in computer hard disk drives (HDDs), where
information is read through GMR sensors.
Fig. 1.1 shows a schematic of a typical GMR device called a spin valve, made up of
top and bottom metallic ferromagntic electrodes with a nonmagnetic metallic spacer
in between. Ideal electrodes made from a material with 100% spin-polarized electrons
are depicted. This illustrates how the parallel alignment of magnetization in successive
electrodes (a) allows spin-polarized electrons to conduct through, while there is stronger
scattering for the case of antiparallel alignment (b).
The magnetoresistance (MR) ratio is conventionally (and rather optimistically) ex-
pressed by the following equation.
MR(optimistic) =
RAP −RP
RP
× 100% (1.1)
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However, a more realistic expression for MR is
MR(realistic) =
RAP −RP
RAP
× 100% (1.2)
Since 1988-1989, when A. Fert and P. Gru¨nberg separately measured a change in the
resistance of ∆R ∼50% in Fe/Cr multilayers ( from which they discovered the GMR
effect and jointly won the Nobel Prize, as mentioned above), there has been significant
strides of progress made, some of which are highlighted below, but are also covered in
more detail in several reviews, e.g. [6, 7].
Another class of magnetoresistive spintronic device, designed very similar to a GMR spin-
valve but whose spin-dependent electronic transport is based on the quantum mechanical
phenomenon known as tunneling, are the so-called magnetic tunnel junctions (MTJs).
Instead of a metallic spacer, MTJs have a thin insulating barrier. When this barrier
layer is thin enough (on the order of a few nanometers), it becomes possible for some
electrons to tunnel through, non-classically.
The first tunnel magnetoresistance (TMR) effect was reported in 1972 for Ni-SiO2 films
by Gittleman et al. [8], followed soon after by Jullie`re in 1975 for Fe/Ge-O/Co junctions
at 4.2 K [9]. However the first results from true MTJs came in 1995, with TMR ratios
(equivalent to Eq. 1.2) of 12% found in CoFe/Al2O3/Co [10], and 18% in Fe/Al2O3/Fe
[11].
The first MTJs with significant TMR ratios of around 70% used Al2O3 barriers. How-
ever, when MgO started being used as the barrier layer, replacing the highly-disordered
Al2O3, TMR values of up to 600% were achieved, due to greater coherent tunneling [12].
One major advantage MTJs have over GMR read heads is that they have much higher
readback signals, since TMR values are much greater than GMR ratios in general. How-
ever, a persistent challenge with TMR heads is their large resistance values, which limits
operating frequencies [1].
The most generally applicable model describing TMR often referred to in the spintron-
ics literature, depending only on the tunneling spin polarization, is the (oversimplified)
Jullie`re model [9]. It describes the tunneling current as being (to the first order) propor-
tional to the product of the electrodes’ density of states (DOS) at the Fermi energy (EF ).
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For a ferromagnet, the ground state energy bands near EF shift in energy because of the
exchange splitting. This results in unequal bands for electrons of opposite spin, referred
to appropriately as the minority and majority bands. Thus, assuming spin conservation,
there are two kinds of tunneling currents in ferromagnets: those of spin-up (↑) electrons
and those of spin-down (↓). The tunneling spin polarization in a ferromagnetic electrode
(i) can then be defined to be
Pi =
n↑i − n↓i
n↑i + n↓i
=
nmaji − nmini
nmaji + nmini
(1.3)
where n↑(↓)i is the DOS(EF ) for electrons with spin up (down), or equivalently, nmaj(min)i
is that for the majority (minority) band. Then, the TMR ratio is defined in this model
as
TMR(Julliere) =
2P1P2
1− P1P2 (1.4)
where P1 and P2 are the spin polarizations (defined by Eq. 1.3) in the two electrodes.
Not all electrons at the Fermi edge can tunnel through the barrier, and the simplicity of
Eq. 1.4 does not accurately describe magnetoresistance of the free electrons tunneling
through a barrier [13].
The Jullie`re model shows the importance of spin polarization in the ferromagnetic elec-
trodes for high TMR values: that the higher the Pi are the larger the TMR ratio can
be (GMR shows a similar relationship). In principle, for materials with 100% spin po-
larization (called half-metallic ferromagnets, and are discussed in the next section §1.2)
TMR becomes infinite!
That being said, the Jullie`re model has been deemed ”not generally appropriate” for
spin-dependent tunneling currents [13]. The model does not take band structure in
the presence of the interfaces into account, and assumes only free electrons. A more
recently proposed theory, the Slonczewski model, takes into account the barrier height
in calculating the MR ratio [14]. But even as an approximate expression, the Jullie`re
model makes reasonable predictions for free electrons and thick tunneling barriers [13].
As mentioned above, a better model needs to include the band electrons, tunnel barrier
height and thickness. But also in real materials, there are many features which cause
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increased scattering, both inside the bulk and at the interfaces of layers. Scattering
centers at interfaces include surface roughness, and regions of interdiffusion (see chapter
4 for a discussion on interdiffusion with regards to NMR results presented there). Sharp
interfaces, with no interdiffusion, reduce spin-flip scattering and so should increase the
spin polarization at the interface, and thus the MR ratio. Scattering centers within the
bulk of layers include impurity atoms, and possibly certain antisite deffects [15] (see §1.3
for the definition of an antisite). Antisites also decrease magnetoresistance by reduc-
ing the spin-polarization of the conduction electrons in the material [16]. Considering
all variables, then, the optimal candidates for magnetoresistive spintronics applications
include 100% spin polarized ferromagnetic films, with minimal impurity and antisite
defects, and smooth interfaces when integrated into stacked devices.
1.2 Half-Metallic Ferromagnets
Half-metallic ferromagnets (HMFs) are excellent candidates for improving the perfor-
mance of spintronic devices which require high values of MR [17–20]. They are called
such, because a certain percentage of the electrons with one spin polarization (not nec-
essarily half, though) act metallically, i.e. are itinerant conduction electrons, while the
rest with the opposite spin polarization, are localized on the nuclei, and so do not par-
ticipate in electronic transport. In other words, in HMFs all electrons at the Fermi
level are 100% spin-polarized. Schematically, this can be most simply represented in
the spin-resolved, electronic density of states (DOS) shown in Fig. 1.2. Here we see
that there is a non-zero electronic density of states at the Fermi level (EF ) for one spin
direction (in this case, the majority spin), but an energy gap opens for the other spin
direction (in this case, the minority spin). Thus, the majority-spin electrons behave
metallically, while the minority-spin electrons are semiconducting (or if the energy gap
is large enough, even insulating). Such DOS plots can be modeled for specific compo-
sitions from band structure calculations. The first compounds predicted to be HFMs
were the Clb Heusler compound NiMnSb in 1983 by Robert de Groot [17], and the L21
Heusler compounds Co2MnAl and Co2MnSn by Ju¨rgen Ku¨bler [21] (Heusler compounds
will be more properly introduced in the following §1.3).
Due to the requirements of ordering of 3d and 4s bands in the band structure, single ele-
mental HMFs do not exist; they must be at least binary alloys or compounds [18]. Many
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Figure 1.2: Schematic of the spin-resolved electronic DOS for HMFs (in this case
with the band gap for the minority spin carriers).
such HMFs have been predicted from first-principles DFT calculations to emerge in a
wide variety of both intermetallic and oxide systems, including many Heusler compounds
(both Clb and L21 types), a few zinc-blends (e.g. CrAs [22]), some diluted magnetic semi-
conductors (e.g. (Ga,Mn)As [23]), CrO2 [24], perovskites (e.g. (Ca,La)MnO3 [25, 26]),
and several double perovskites (e.g. Sr2FeMoO6 [27]), among others.
Many Co2Y Z Heusler compounds make up a particularly large fraction of predicted
HMFs, with many useful properties which render them as ideal candidates for different
spintronics applications. For instance, in addition to the prediction of fully spin-polarized
conduction electrons, many Co-based Heusler compounds have shown elevated Curie
temperatures and large magnetic moments per formula unit (e.g., Co2FeSi has 1100 K
and 6 µB, respectively [28]). Co-based Heusler compounds exhibit a soft magnetic
character. This can be seen in the measured magnetic hysteresis (M-H) loops, where
both the remanent magnetization and the coercive field are found to be extremely small.
To date, the only direct experimental proof of the existence of a HMF is spin-resolved
positron annihilation experiment performed on NiMnSb [29]. But the problem with
this method is that it is tedius and costly; it has not been used on other materials,
in fact. There are, however, many indirect methods which have given evidence that
obtaining a true HMF may be physically realizable. One of these methods, known as
point-contact Andreev reflection, was originally proposed by de Jong and Beenakker as
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a technique to be used for measuring spin polarization in ferromagnets in 1995 [30]. The
first experimental results proved to have unsatisfactory accuracy [31], but recently the
reliability of this method has increased considerably [32, 33]. However, this method still
not accepted by many within the community [34]. An alternative spin-polarization mea-
surement method accepted, but plagued with experimental difficulties, is spin-polarized
photoemission spectroscopy, which was, for example, reportedly carried out on CrO2
[35]. Most recently a spin polarization of around 93% was reported for Co2MnSi epi-
taxial films, measured using both surface-sensitive ultraviolet and bulk-sensitive X-ray-
photoemission spectroscopy [36].
1.3 Heusler Compounds
It is a major goal in material physics to be able to optimally tailor many physical proper-
ties ideal for modern technological applications (such as magnetic recording and storage
devices) through understanding how crystal structure and various types of defects af-
fect the macroscopic physical properties, and to then be able to control the relevant
properties. The family of ternary intermetallics known as Heusler compounds provides
a particularly extensive playground for such investigations, as myriad exotic ground
states have been predicted for various combinations of transition metals, rare earth met-
als and main group elements, including HMFs [4, 21], fully-compensated ferrimagnets
[37], non-magnetic semiconductors [38, 39], superconductors [40], and recently topologi-
cal insulators [41–45]. Moreover, while preserving the 2:1:1 stoichiometry, there exists a
variety of different structure types, which in many cases strongly influences the physical
properties of a particular sample (e.g. [46]).
The German mining engineer and chemist Friedrich Heusler discovered Heusler com-
pounds in 1901, and subsequently defined them as ternary intermetallic materials with
a composition of X2Y Z [47]. Heusler compounds first attracted attention when Heusler
et al showed that Cu2MnAl was ferromagnetic at room temperature, even though none
of its contituting elements were ferromagnetic [48]. Originally these intermetallics were
referred to as Heusler ”alloys” because it wasn’t until about three decades after their ini-
tial discovery that their crystal structure was identified as face-centered cubic [49, 50].
When fully ordered, these X2Y Z Heuslers crystallize in the so-called L21 structure
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(in Strukturbericht notation), corresponding to the space group Fm3¯m (in Hermann-
Mauguin notation). This L21l crystal structure is schematically displayed in Fig. 1.3(a).
It consists of X atoms (usually transistion metals), Y atoms (usually either another
transition metal or sometimes a rare earth, less electronegative than X), and Z atoms
(a main group (s − p) element, e.g. Si or Al) occupying the 8c, 4b, and 4a Wyckoff
positions, respectively.
Figure 1.3: Crystal structures of X2Y Z Heusler compounds with various types of
atomic configurations: (a) fully-ordered L21 where X, Y and Z atoms sit on the 8c,
4b and 4a Wyckoff positions, respectively, (b) while for DO3 disorder there is random
mixing of X and Y atoms on the 8c and 4b sites, (c) a similar distribution of Y and Z
atoms on the 4b and 4a sites in the B2 order, (d) and A2 order refers to the structure
type with random distribution of all atoms on all sites. (Modified from a figure in [51].)
There is another type of Heusler compound with a 1:1:1 stoichiometry and the C1b
structure 1, which is almost identical to the L21 structure, but with the removal of half of
the 8c sites in that structure. Details of C1b Heuslers and their characteristic properties
will not be discussed in this thesis, as all investigations involved X2Y Z compounds only.
Co2Y Z Heusler compounds, with Co on the 8c sites in the ideal L21 structure, represent
a class of materials especially rich with candidates for HMFs. In 1971, Webster was the
first to synthesize Co-based Heusler compounds and describe their physical properties
[52].
1These compounds have sometimes been referred to as ”half-Heusler” because half of the X sites are
removed from the original Heusler structure, but nowadays many authorities prefer to address this class
of Heusler compounds by the symmetry of the underlying structure (C1b).
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Many Heusler compounds, and Co2Y Z in particular, follow the Slater-Pauling (SP)
rule for calculating the saturated magnetic moment [53–55]. According to the SP rule,
magnetic moments (m) of 3d transition metals, and at least binary compounds thereof,
can be described in terms of the mean average number of valence electrons per atom
(nV ). The magnetic moment per atom (in units of Bohr magneton µB) is defined as
m = n↑ − n↓ (where n↑(↓) is the density of electrons with spin up (down)), while the
number of valence electrons per atom is nV = n↑ + n↓. It then is straight forward to
combine these two relations and arrive at an equation for m in terms of nV :
m = nV − 2n↓ (1.5)
The SP curve is usually divided into 2 regions: itinerant magnetism (nV ≥ 8), and local-
ized moments (nV ≤ 8) (Fe sits near the interface between both regions). Considering
only the nV ≤ 8 localized part now (the region where Heusler compounds of interest
lie), the number of electrons in the minority d bands is constrained by the minimum in
the minority DOS to be roughly 3. Since n↓ = nd↓ + nsp↓, and assuming no s and p
electron contributions, n↓ ≈ 3, and thus
m ≈ nV − 6 (1.6)
for the localized part of the SP curve. For ordered compounds with different kinds of
atoms, it is more convenient to talk about the magnetic moment per unit cell or formula
unit, than per atom. For X2Y Z Heusler compounds then, the Slater-Pauling rule is
MSP t ≈ Zt − 24 (1.7)
where Zt is the total number of valence electrons per formula unit, as there are 4 atoms
per formula unit in full-Heusler compounds 2.
Fig. 1.4 [56], shows values of total spin magnetic moment (Mt) calculated for numerous
Heusler compounds plotted as a function of total number of valence electrons (Zt). The
2For C1b Heusler compounds, with 3 atoms per unit cell, the corresponding SP rule would be M
SP
t =
Zt − 18.
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Figure 1.4: Plot comparing calculated Mt vs. Zt for many Heusler compounds with
the theoretical SP curve (dotted line). Figure taken from [56].
dotted line represents the theoretical SP curve (first coined by Ku¨bler [57]), along which
many of the calculated points indeed lie.
It is important to note that, for both X2Y Z and XY Z Heusler compounds which are
HMFs, the Mt must be an integer value; a deviation from an integer magnetic moment
indicates disorder, and the loss of half-metallic ferromagnetism 3.
However one of the major hurdles and central theme in the Heusler research community,
is to realize Heusler compounds that are ideal HMFs and to attain an understanding
of how different structure types form and how this relates to the physics. In any given
sample, it is possible to find different structure types corresponding to random mixings
of any 2 or all 3 of the X, Y and Z components among their respective lattice positions.
One commonly occuring structure type corresponds to a mixing of X and Y atoms on
the 8c and 4b Wyckoff positions. This creates the so-called DO3 structure type (go back
3This is not the case for quaternary Heusler alloys, e.g. X2Y1−xY ′xZ.
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to Fig. 1.4(b)) which is effectively equivalent to that of Fe3Si (Fm3¯m). On the other
hand, when the Y and Z atoms are distributed on the 4b and 4a sites, the effective
crystal structure is the same as for CsCl (Pm3¯m) and is called the B2 structure type
(see Fig. 1.4(c)). When there is complete intermixing of all elements on all lattice sites,
the structure type is A2, and this is equivalent to tungsten with Im3¯m (see Fig. 1.4(d)).
An antisite is a type of defect where one kind of atom (X, Y or Z) is not situated on
its respective positions within the L21 structure, but instead occupies another crystal-
lographic site. These localized defects are different from the above-mentioned structure
types, where two or more atom types are evenly distributed over their crystallographic
positions throughout the sample. The nomenclature used in this thesis will be the fol-
lowing: if an atom A is occupying a B site, say, then it shall be referred to as an ”AB
antisite”. Depending on the compound and the type of antisite, certain physical pro-
terties, such as saturation magetic moment or spin polarization, may or may not be
strongly affected. Spin polarization in particular is usually extremely sensitive to disor-
der involving Co antisites (i.e., Co sitting on the Y or Z positions in Co2Y Z systems)
[58].
An illustrative example of how certain types of antisites in Heusler compounds can
sometimes strongly effect physical properties was calculated for Co2CrAl [46]. In Fig. 1.5
(taken from [46]), it was observed that with increasing intermixing of Cr and Al sites
(i.e. B2 structure), neither the saturation magnetic moment nor spin polarization are
appreciably affected, whereas with increasing intermixing of Co and Cr sites (i.e. DO3
structure), clearly both are strongly affected.
Much of the results reported in this thesis are based on studies of Co2MnSi materials
(c.f. chapters 4-6). Rafael et al presented evidence of a possible correlation between
Co-Mn disorder (i.e. varying amounts of CoMn and/or MnCo antisites) and loss of
magnetic moment and half-metallicity observed by neutron diffraction performed on a
bulk sample [59]. They found that 5-7% of Mn sat on Co sites (i.e. MnCo antisites),
and up to 14% of the Co sat on Mn (i.e. CoMn antisites). Soon after, two separate
theory groups (using different methods) both proposed that a possible cause of the
decrease in spin polarization was the ”site-swapping” between Mn and Co sublattices
[60, 61]. Then Picozzi et al showed that Mn antisites (e.g. MnCo) can form in high
concentrations, both during and after growth, due to their low defect formation energy
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Figure 1.5: Comparison of Cr-Al and Co-Cr disorder types and how spin polarization
(a) and magnetic moment (b) are affected by increasing amounts of such disorders.
(Figure taken from [46].)
[62]. However, they also persuaded that the half-metallic ferromagnetic character of
the DOS(EF ) is retained despite these types of antisite, and they may even, according
to band structure calculations, slightly increase the minority band gap, thus in fact
stabilizing the high spin polarization [62]. Through these findings, it was proposed that
the cause of spin polarization reduction must be due either to other defects such as Co
antisites (like in Co2CrAl [46]), or to surface and interface effects in thin films [63]. More
recently, Sakuraba et al have shown in Co2(1+x)Mn1−xSi1−x epitaxial films that TMR
drops suddenly at x = 0.2, and continues to decrease with increasing x. It is presumed
that this results from induced CoMn antisites [64].
Quaternary Heusler compounds X2Y1−xY ′xZ and X2Y Z1−xZ ′x have recently received
much interest from both the spintronics and Heusler communities, due to ab initio cal-
culations which indicate that if either the Y or Z site is partially substituted with a
certain other element up to 50%, in some cases (e.g., Al and Si for Z and Z ′, or Fe and
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Mn for Y and Y ′) the Fermi level shifts closer towards the center of the minority band
gap. This leads to an improved stability of the spin polarization, and thus a reduction
in the probability of thermal magnon excitation, which can rapidly destroy the spin
polarization associated with half-metallic ferromagnetism. Co2Mn0.5Fe0.5Si is such an
example, where the Fermi edge lies closer to the conduction band in Co2FeSi, and closer
to the valence band in Co2MnSi. An MTJ with Co2FeAl0.5Si0.5 electrodes and an MgO
barrier, grown with molecular beam epitaxy, was reported to show TMR ratios of 832%
at 9 K and up to 386% at room temperature [65].
1.4 Thesis Overview
In this work, investigations of open questions regarding structure-to-property relations
for several examples of both well-known and more novel Co2-based Heusler compounds
will be presented. With one exception 4, all materials discussed have been predicted at
one time or another to be HMFs. In an attempt to illustrate the layout of the rest of
this thesis, I will now provide a brief outline.
In chapter 2, the essential background theory relevant for all analyses of collected data in
subsequent chapters is presented. This chapter is broken down into sections on nuclear
magnetic resonance (NMR) (§2.1), specific heat (§2.2), and magnetization (§2.3).
Chapter 3 provides background details on the experimental methods used in this re-
search, and describes the setups used to collect data. This chapter is divided in a
fashion analogous to chapter 2, beginning with pulsed NMR measurement described in
§3.1, specific heat measurement by relaxation method in §3.2, and finally magnetization
measurement with a magnetometer in §3.3.
The results are presented along with accompanied discussion in chapters 4-7. Chapter
4 pertains to results and analysis of studying the structural evolution of thin films of
Co2MnSi with different post-deposition annealing temperatures using both
59Co and
55Mn NMR. Based on the results obtained, a possible explanation is offered for the
recently reported sudden drop in GMR in Co2MnSi/Ag/Co2MnSi CPP-GMR spin valves
annealed at 600◦ or above [66]. The thin films were provided by a collaborating group
4Co2NbSn is included in this work as it exhibits interesting low-temperature structural transition
and unusual properties for a Co2-based Heusler compound.
14 Chapter 1 Introduction
consisting of Y. Sakuraba, S. Basu and K. Takanashi. Results presented here were
published in Applied Physics Letters [67].
Chapter 5 reviews a similar NMR study of the underlying structure in Co2MnxSi0.88
thin film samples. This time however, the post-deposition annealing procedure is the
same for all films, but the Mn content varies (x = 0.72, 1.12, 1.32). The motivation for
this study was to see if NMR could illuminate why the TMR ratio was reported [68]
to be highest in the MTJ which used Mn-rich x=1.32 stoichiometry. It was found that
CoMn antisites were formed in the Mn-poor film, but not in the Mn-rich films, which
only showed MnSi antisites, which have been shown to not affect the magnetization and
spin polaization at the Fermi level as much as CoMn antisites.
Chapter 6 covers yet another NMR study on both bulk single crystals and thin films of
Co2FeSi and Co2Mn1−xFexSi systems, to investigate differences in the structural order-
disorder between films and bulk samples. The NMR spectrum of bulk Co2FeSi showed
it to possess a significantly higher degree of order than the corresponding film of the
same composition, which was found to have large B2-type disorder in addition to some
off-stoichiometry. Similarly, the Co2Mn1−xFexSi bulk crystal (with x = 0.3) displayed
no other form of disorder other than the features due to random mixing of Fe and Mn
on their shared Y positions in the L21 structure, whereas for the Co2MnSi film there
was clear B2-type disorder.
In Chapter 7, results regarding systematic specific heat and magnetization parame-
ter studies of ten selected Co2-based Heusler compounds are presented, and compared
with values calculated by IFW colleague, Jan Trinckauf, using electronic band structure
methods. Bulk crystals were grown and annealed by Ahmad Omar and Christian G.
F. Blum. The compounds are first discussed case by case, and then finally all together
with accompanying comparison tables. A final plot shows that the absolute value of the
difference between the theoretical and experimental Sommerfeld coefficients increases
roughly linearly with the theoretical values. Magnonic contributions to the specific
heat were calculated from measured thermomagnetization, and subsequently inserted
into fittings of the total specific heat, along with the conventional electronic and lattice
components. It was found that, in general, there is a negligible effect on the electronic
coefficient by adding a magnon contribution to the specific heat expansion, and there
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remains discrepancies between measured and calculated values for the electronic specific
heat.
Chapter 8 presents a summary of the key results and includes some reflections on the
outlook of such studies for the future of Heusler compound research as well as condensed
matter and material physics in general.
Finally, there are a few short appendices at the end: Appendix A briefly describes the
various preparation methods of the samples described in this thesis, namely arc-melting
(§A.1), the floating zone method (§A.2), and magnetron sputtering (§A.3). Except for
some arc-melted samples partially used to aid discussion in chapter 5, all other materi-
als were prepared by other collaborators, and so are acknowledged where appropriate.
Appendices B and C supply details for chapter 7, regarding bulk sample preparation
and background on band structure calculation methods used, respectively.

Part I
Background
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2
Theoretical Background
In this section, only the necessary theoretical background knowledge is presented, so
that the reader may be prepared for and comprehend the analytical methods applied to
the measurements and included in the discussions of subsequent chapters.
2.1 Nuclear Magnetic Resonance
X-ray diffraction (XRD) patterns may provide some information about Heusler com-
pound structure, such as which structure types may be present. However, because
multiple structure types may exist in any given sample, it is difficult to quantify the
various contributions using XRD alone [69]. This is mainly because x-ray scattering
factors are very similar for compounds comprised of elements from the same row of the
periodic table (e.g. Co and Fe, or Co and Mn).
Therefore, a local probe technique, such as nuclear magnetic resonance (NMR), is re-
quired to investigate and unambiguously resolve both the atomic local environments and
local coercive fields within a given sample. For an extensive treatise on NMR, Abragam’s
work is useful [70], as well as some reviews by Panissod [71, 72], and there is also a terser
review of NMR specifically applied to spintronics materials (with an emphasis on Heusler
compounds) by Wurmehl and Kohlhepp [73]. Because such works cover the details thor-
oughly, in the following paragraphs only important points for understanding NMR on
ferromagnetic materials will be highlighted.
Felix Bloch and Edward M. Purcell shared the 1952 Nobel prize in physics for their
joint discovery of NMR in 1945 [74, 75]. NMR has since been extensively applied as a
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non-invasive technique to study internal structures in many scientific fields, including
chemistry, physics, biology and medicine.
Nuclei with nonzero nuclear spin I, interact with a static effective field B0, which leads
to the so-called nuclear Zeeman splitting of the 2I+1 degenerate energy sublevels. these
sublevels are shifted from each other by integer multiples of ∆E = ~ωL = ~γB0, where
ωL = γB0 is the Larmor frequency describing the classical-like precession of all the
nuclear moments around the B0 field. The constant of proportionality (γ) is called the
gyromagnetic ratio 1. Relatively high values for 59Co and 55Mn nuclei of 10.054 [76] and
10.501 [77] MHzT−1, respectively, mean that sufficiently large signals can be obtained
to analyze spectra if a sufficient number of NMR-active nuclei are found in the sample.
The occupation of sublevels is governed by a Boltzmann distribution, where the proba-
bility Pn of occupying the state with energy En in equilibrium is Pn ∝ exp[−En/kBT ],
where kB is the Boltzmann constant and T is temperature in units of Kelvin.
For a given signal intensity, S, one can calculate the number of nuclei (N) in a specific
environment with effective field Heff , using the following relation [71]
S ∝ γ
3I(I + 1)Heff
2
T
·N ∝ γI(I + 1)ν
2
T
·N (2.1)
The spin-echo intensity at each data point was divided by ν2 in order to correct for the
frequency-dependence of the signal.
Typically in pulsed NMR, short pulses in the radio frequency (RF) range are applied
perpendicular to a static field B0 via an inductive coil wrapped around the sample. In
the classical picture, as the nuclear moments are rotated out of equilibrium (parallel
to ~B0 by a certain angle (depending on the length and power of the RF pulse)), the
precessing moment induces a new signal in the same coil through which the original
pulse was applied. What is happening on the quantum level can be described as resonant
absorption of photons from the RF pulses, inducing dipolar transitions of the nuclear
spin moments.
Some time after the pulse, the nuclear moments will dephase due to a distribution of
fields and dipole-dipole interaction, leading to a decay in the signal known as the free
1This is also known as magnetogyric ratio in certain disciplines.
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induction decay (FID). In dia- and para-magnetic materials, where B0 is dominated by a
relatively narrow distribution of fields due to an externally applied field Bappl, the NMR
spectrum can be resolved well through a Fourier transform of the FID. In ferromagnets,
however, the field distribution is very wide, and the resulting FID is too quick for any
Fourier transform of the response 2. In order to overcome this technical problem, the
so-called spin-echo method was used in all the experiments presented in this work.
A typical spin-echo experiment uses the Hahn sequence, which is depicted schematically
in Fig. 2.1. Moving from left to right, first a 90◦ pulse is applied to the coil, followed
by the FID of the induced signal, and then a second 180◦ pulse is applied after some
time τ . Then, at the time 2τ following the initial pulse, enough of the nuclear moments
rephase so that a spin-echo signal can then be picked up in the coil.
Figure 2.1: Schematic representation of a typical Hahn sequence used in a spin-echo
NMR experiment.
Fig. 2.2 offers a visual description of a spin-echo NMR experiment, broken down into
six steps, to aid comprehension of what actually is taking place from the perspective of
the nuclear magnetic moments. To simplify the visualization of this sequence, we invoke
the rotating-frame formalism, which means the following description of sequence steps
are depicted in the figure and described within a reference frame where the x and y axes
are rotating together about the z-axis (parallel to the static field) at the precessional
frequency (thus becoming the (rotating) x′ and y′ axes). Frame (a) shows the nuclear
moments precessing around the equilibrium direction shortly before the start of a pulse
sequence, then (b) the 90◦ pulse is applied (Hrf ), rotating the moments onto the y′-
axis. The plane of rotation is perpendicular (normal) to the RF field pulse (x′-axis in
this instance). In (c) the moments start to de-phase, immediately after the initial 90◦
pulse (this is the FID mentioned above). Part (d) shows how the 180◦ pulse rotates
2Typical FID values for ferromagnetic materials are on the order of a microsecond.
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all de-phased nuclear moments exactly from their orientations in (c). This is instantly
followed by a re-phasing of the moments (e) at the same rate of the de-phasing but
in reverse (i.e., the mirror effect of dephasing), until the moments recombine together,
pointing in the -y′ direction, which produces the spin-echo (f) induced in the coil. The
echo is produced only by those nuclei whose moments precess at the RF frequency, i.e.
ωL = ωRF . For more details about the spin-echo NMR method, see e.g. [72, 78, 79].
Figure 2.2: Schematic illustration of the 6 steps of a spin-echo pulsed-NMR experi-
ment, from the perspective of nuclear moments in the rotating reference frame.
In the actual experiment (to be described in more detail in the next chapter) a 90◦-90◦
pulse sequence was used instead of the 90◦-180◦; it works in a similar way, but gives
larger signals in the case of wide distributions of hyperfine fields.
Turning back to Fig. 2.1, a few words should be said about the decrease in intensity of the
spin-echo with repect to the initial FID. This decrease occurs because only those nuclear
spins which have not sufficiently interacted with other spins re-phase to contribute to
the total spin-echo intensity. This results in the observed linear decrease in spin-echo
intensity with interpulse time τ . By measuring the spin-echo intensity with respect to
varying τ , one can fit the exponential relationship and find the characteristic spin-spin
relaxation time, T2 [73].
Besides spin-spin relaxation, the nuclear spins additionally interact with their local lat-
tice environment. The characteristic time for this so-called spin-lattice relaxation effect,
known as T1, is proportional to the time it takes the moments to return to their equilib-
rium precessional state after a pulse sequence 3. This is the minimal time needed to wait
3The dynamics of the return of the nuclear moments to equilibrium are described by the so-called
Bloch equations [70, 79].
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between performing consecutive experiments, in order to prevent inconsistent starting
conditions. For each data point of the spectrum, between 250 and 2000 pulse sequences
are run to obtain enough statistics to get rid of signal noise.
The rest of this section will be focused on spin-echo NMR on magnetically-ordered
materials, such as the ferromagnetic Heusler compounds investigated in this work. The
total effective field felt by the NMR-active nuclei can be expanded first into 3 major
parts:
Beff = Bappl +Bdip +Bhyp (2.2)
The last term in this equation, the hyperfine field Bhyp, is a short-range contribution
originating from the magnetic moment of the nucleus itself and its interactions with
surrounding electrons and their collective magnetization. It is negligible in materials
with no spontaneous magnetization, but in ferromagnets can be on the order of 10 - 100
Tesla, and, thus, is by far the dominant contribution to the total effective field [80].
The second term in Eq. 2.2 represents the dipolar field, attributed to the electronic
moments of neighboring atoms. Bdip can be felt by nuclei with non-cubic local environ-
ments, and so this term can be neglected in (mostly or pseudo) cubic Co2-based Heusler
compounds. Furthermore, the main component of the Bdip is the demagnetization field,
caused by the macroscopic shape of the sample, and runs in value from 0 to -µ0M (i.e., a
few tesla at most). For films this becomes Hfilmsdip = −µ0Mcosθ, where θ is the angle
between the direction of the film’s magnetization vector ~M and the normal to the film’s
plane. Thus, since most films have ~M in-plane, θ = 90◦, and so usually Bdip = 0.
The first term in Eq. 2.2 refers to the applied magnetic field, which is needed for dia-
magnets and paramagnets, and is the dominant component of Beff for such materials.
However, NMR measurements on ferromagnets are usually performed under zero applied
field in order to maximize the sensitivity, and, thus, the spin-echo signal, especially in
the case of thin film samples. In order to understand why this is so, the schematic
diagrams in Fig. 2.3 are included to help illustrate the so-called enhancement effect (ex-
plained below), an aspect of NMR on ferromagnetic materials. The main idea is that
applied RF pulses actually do not directly perturb the nuclear spins, but rather interact
indirectly via the collective magnetization of the electrons [73].
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Figure 2.3: Schematic illustrating the enhancement effect of the Brf pulse (a), and
when the applied field is reduced in the measurement of such magnetic materials this
is increased further (b), thus explaining how maximum enhancement is achieved with
zero field.
The first NMR experiment performed on a ferromagnet was done on pure Co, where
spin-echo signals were several orders of magnitude larger than expected [81]. Because of
the electron spin moments found in ferromagnets, large local fields (Bloc = Bdip +Bhyp)
surround the nuclei. As seen in Fig. 2.3, an applied RF pulse rotates the electronic
magnetization (Mel), which is antiparallel and proportional to Bloc. The RF field ac-
tually felt by the nuclei is therefore not Brf , but the effective RF field Brf,eff , which
is the transverse component of Bloc. Note that the figure is not quite drawn to scale,
and Brf,eff is in fact several orders of magnitude greater than Brf , and hence this phe-
nomenon is called RF enhancement. Also, for a given pulse strength and fixed anisotropy
field Banis (zero in the case of cubic environments of the Co-based Heusler compounds
under consideration), the less Bappl is, the greater Bloc (∝ Mel) is rotated away from
equilibrium, and so the greater Brf,eff will be. This is illustrated in the evolution from
(a) to (b) in Fig. 2.3. The spin-echo signal is also enhanced via the same mechanism.
Normally NMR signals are too weak in thin films, due to the minimal number of avail-
able NMR-active nuclei. However, because of the enhancement effect, ferromagnetic
thin films can be studied quite well with zero-field NMR.
The actual magnitude of the enhancement, referred to as the enhancement factor η =
Brf,eff/Brf , depends on the size of those fields which tend to keep the local fields in its
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equilibrium direction, i.e. Bappl +Banis. The value of η in a typical fcc Co film is on the
order of 102, while within the domain walls it can be as high as 104. This implies that
the majority of the NMR signals in multidomain samples originate from nuclei residing
in the domain walls, rather than those within the domains themselves.
Because the enhancement factor is different for each type of local environment, η must
be corrected for at each frequency in a spectrum scan. The first step in this process is
to measure the spin-echo intensity over a range of RF power values at a fixed frequency.
In general, there is a power for which the signal intensity is maximized, and around this
point the power dependence follows a Gaussian distribution. If the maximum signal
intensity (for a given frequency) occurs at relatively low powers, the corresponding
environment is said to have large enhancement, and vice versa. In the experiments
(explained in more detail in the next chapter) this distribution can be fitted with a
Gaussian function in order to find the optimal power for each frequency, in order to
build an enhancement-corrected spectrum.
There are various kinds of hyperfine fields, each one representing an interaction between
different types of electrons with the nuclei. It is sufficient, however, to consider the
dominant component to Bhyp, known as the transferred hyperfine field. This B
trans
hyp
is determined mainly by the magnetic moments of locally neighboring atoms. Direct
nearest-neighboring atoms have the largest effect on the hyperfine field of a local envi-
ronment, but in dilute alloys and at interfaces foreign atoms and other defects at larger
distance can widen or even split hyperfine field distributions. Thus, NMR gives high
local sensitivity in ferromagnets, with little influence from long-range order; ideal for
studying different structures in the crystal lattice. Primary structural features which
affect NMR spectra, and which, thus, can be identified and analyzed to some extent,
include foreign atoms (e.g. antisites in alloys), the crystallographic structure (e.g., cubic,
hexagonal, stacking faults, grain boundaries, etc.), and strain (especially in thin films).
Details regarding different Heusler compound structures and antisite disorders is given
in §1.3.
For typical variation in local environments of ferromagnets, changes in the hyperfine field
are on the order of a few Tesla. Such large shifts in the effective fields lead to the much
broader spectra exhibited by such materials compared with dia- and paramagnets more
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commonly studies using NMR in the past. For more information and details regarding
NMR on ferromagnetic materials, the reader is referred to [71, 72, 82, 83].
For the determination of antisite concentrations, or extent of random mixing of two
elements on a particular lattice site, the data collected for the studies presented in this
work were analyzed by first fitting each spectrum with a superposition of a minimal
number of Gaussian lines. Considering possible types of ordering which could give rise
to such a pattern, the integrated areas of the Gaussian lines were then compared with
random atom models based on the binomial distribution function [84]:
P (n, z) =
N !
(N − n)!n! (1− z)
N−nzn. (2.3)
Here P (n, z) is the probability of an n number of the total N sites being an atom of
an element with concentration z on those N sites. So in general, for an AB antisite,
we can find the concentration (z) of A distributed over N number of B sites, where
the different Gaussian lines correspond to N+1 different first shell environments, with
different n values ( n = 0, 1,...,N).
For a thorough review of NMR on Heusler compounds, see [73].
2.2 Specific Heat
The amount of energy (in this case, in the form of heat) added to an object in order to
raise its temperature by 1◦C (K) is called the heat capacity C, defined as
Cx,y,... =
(
∂Q
∂T
)
x,y,...
= lim
∆T→0
(
∆Q
∆T
)
x,y,...
(2.4)
where the subscripts x, y, ... represent physical parameters which were held constant
during a measurement4. Heat capacity can be thought of as the thermal analog to mass,
in that it represents the resistance to temperature change just as mass is the resistance
to acceleration from an applied force.
4In theory one usually speaks of isochoric CV , whereas the relevant heat capacity actually measured
is usually isobaric CP .
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A quantity more useful for scientists (at least for characterizing materials), is the specific
heat. The specific heat is the heat capacity per amount of material (usually in mass
or moles), and is an intrinsic, bulk property, independent of sample size (whereas heat
capacity is extrinsic and depends on the specific sample being measured). The unit of
specific heat used in this work will always be Joules per mole per Kelvin (J/mol-K).
There are various contributions to the specific heat of a solid, which shall be addressed
individually in the following subsections.
2.2.1 Debye Theory and Lattice Specific Heat
To impose a finite limit on the number of modes of a crystal lattice, Debye defined
a maximum phononic frequency, known today as the Debye frequency νD. Using the
relation to thermal energy, νD is related to the Debye temperature ΘD by
ΘD =
hνD
kB
(2.5)
where h is the Planck constant. Using this relation, one arrives at the Debye theory
energy
UD =
9NkBT
4
ΘD
3
∫ ΘD/T
0
x3
ex − 1 dx (2.6)
where x = hνkBT . This expression cannot be evaluated in closed form, but its limits at
high and low temperature can be found exactly.
Starting with the high-temperature limit (i.e. T  θD), one first notes that large
T means small x. Therefore, at sufficiently large temperatures one can expand the
exponential term in series (i.e. ex ∼ 1 + x for very small x) and then by substitution
into Eq. 2.6 get
UD =
9NkBT
4
ΘD
3
∫ ΘD/T
0
x2 dx =
9NkBT
4
ΘD
3
(
Θ3D
3T 3
)
= 3NkBT (2.7)
Taking the partial derivative with respect to temperature to obtain the specific heat
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cV =
∂U
∂T
= 3NkB (2.8)
which is the same as the Dulong-Petit law for the specific heat of an ideal gas from
classical thermodynamics. All derivations shown in this sections are covered in greater
depth in [85].
In the low-temperature limit (i.e. T  θD) the exponential term in the denominator
of the integrand becomes very large, hence making the integrand decrease rapidly as
temperature goes to zero. Therefore it is negligible to set the new upper limit of the
integral to infinity, and then one can utilize the following exact result:
∫ ∞
0
x3
ex − 1 dx =
pi4
15
(2.9)
So plugging this in, the Debye internal energy in the low-temperature limit now becomes
UD =
9NkBT
4
ΘD
3
(
pi4
15
)
=
3pi4NkBT
4
5ΘD
3 (2.10)
Taking the partial derivative with respect to temperature gives us the phononic heat
capacity:
Clatt =
∂UD
∂T
=
12pi4NkB
5
(
T
ΘD
)3
(2.11)
One can also substitute nR for NkB, where n is the number of moles and R is the ideal
gas constant. Also it is more fundamental to talk about a material’s specific heat, rather
than heat capacity, and so in this work I will display all results in terms of molar specific
heat:
clatt ≡ Clatt
n
=
12pi4R
5
(
T
ΘD
)3
(2.12)
and so at low temperatures the specific heat due to the crystal lattice is proportional to
temperature to the third power:
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lim
T→0
clatt = βT
3 (2.13)
β =
12pi4R
5ΘD
3 (2.14)
Therefore, by fitting the low-temperature part of the specific heat curve with Eq. (2.13),
one can calculate ΘD from the fitting parameter β:
ΘD =
(
12pi4R
5β
)1/3
(2.15)
2.2.2 Electronic Specific Heat
In addition to the lattice contribution, in metallic materials there is an additional elec-
tronic contribution:
cel = γT (2.16)
where γ is usually referred to as the Sommerfeld coefficient. Thus, for a normal metal,
with both cel and clatt contributions to the total specific heat:
cmetal
T
= γ + βT 2 (2.17)
Because the clatt term dominates the total specific heat at higher temperatures, an
acurate measurement of the Sommerfeld coefficient requires cooling samples down to
very low temperatures. Then using Eq. 2.17, a plot of cmetal/T versus T
2, fitted at low
temperatures (e.g. < 10 K) with a least-squares linear regression, allows one to extract
the Sommerfeld and Debye coefficients (from the intercept and slope of the linear fit,
respectively). The Debye temperature is calculated then from β using Eq. 2.15, and
from γ one can resolve the density of states (DOS) at the Fermi energy (EF ) using
γ =
2pi2
3
kB
2g(EF ) (2.18)
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where g(EF ) is the DOS at EF .
2.2.3 Magnon Specific Heat
The temperature dependence of spin polarization is affected by magnon5-related pro-
cesses, either through electron-magnon interactions or by thermally-excited magnons
[86]. The magnon contribution to specific heat in a ferromagnetic material is given by
cmag = αT
3/2 (2.19)
which has the same temperature dependence as that for the saturated magnetic moment
in typical ferromagnets (see Eq. 2.26). The cmag has also been shown to be related
to something called the spin-wave stiffness D (explained in the following section §2.3)
through the following relationship (c.f. [87])
cmag =
15ζ(5/2)
32
√
kB
5T 3
pi3D3
(2.20)
where ζ(5/2) ≈ 1.341(487...) is a Riemann zeta function. Therefore comparing Eq. 2.19
with Eq. 2.20, we see that
α =
15ζ(5/2)
32
√
kB
5
pi3D3
(2.21)
and so one can calculate the value of α directly from D. This is a significantly useful,
and a much easier method of finding α than from a polynomial least-squares fitting of
the total specific heat for a metallic ferromagnet, such as the Heusler compounds, which
has three terms:
cmetallic FM = γT + αT
3/2 + βT 3 (2.22)
This is because at low temperatures, the temperature dependences for cel and cmag are
much too similar to be determined simultaneously (at least with any decent accuracy).
5Magnons are quantized spin-waves; quasiparticles, just as photons are to light waves.
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Therefore, by first measuring D directly (e.g. through a thermomagnetization measure-
ment), and then using Eq. 2.21 to calculate α, one can then plug this α into a fit based
on Eq. 2.22 as a fixed parameter and note any change in γ as a result of adding this
magnonic term to the expansion. For strong ferromagnets with high TC (in the sim-
plest models) one expects a large D at low temperatures (i.e. large resistance against
thermally-excited magnons). This would, in turn, indicate small (and, thus, possibly
negligible) α value, as there is an inverse proportionality between the two (as seen in
Eq. 2.21). Chapter 7 deals with magnetization and specific heat experiments carried
out on 15 different Co2YZ Heusler compounds in an attempt to systematically study
the spin-wave stiffness and how it affects the Sommerfeld electronic coefficient of specific
heat. In some cases, by including a cmag term in the specific heat expansion, we obtain
a γ value closer to that calculated from the band structure.
2.3 Magnetization
All the Co2-based Heusler compounds in this thesis are ferromagnetic, meaning they
obtain spontaneous magnetization (i.e. have a net magnetic moment without the appli-
cation of an external magnetic field), through a continuous (second-order) phase trans-
formation upon cooling below a critical temperature known as the Curie temperature
(Tc). Elements which are ferromagnetic (all with Tcs well above room temperature)
include Fe, Co and Ni. As mentioned in §1.3, Heusler compounds made their grand
debut with the discovery of ferromagnetic behavior in Cu2MnAl, which was noteworthy
because it was the first such compound containing no ferromagnetic constituents [49].
Spin wave stiffness (D) is essentially related to the well-known Heisenberg exchange
integral J in the Heisenberg Hamiltonian [86]
HHeisenberg = −
∑
j 6=i
Jij ~Si · ~Sj (2.23)
describing magnetic exchange between neighboring spins ~Si and ~Sj in a ferromagnetic
(or antiferromagnetic, depending on sign of J) material. For an exchange-driven spin
wave, the energy as a function of wave vector ~q can be expressed in terms of the exchange
integrals Jij through
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E(q) =
4µB
µ
∑
j 6=0
J0j (1− ei~q· ~R0j ) (2.24)
where µ is the atomic moment in units of Bohr magnetons (µB), and ~R0j = ~R0 − ~Rj is
a vector in the real space lattice, connecting point 0 to j . A significant simplification of
Eq. 2.24 is possible by considering a one dimensional system, with only nearest neighbor
interactions (i.e. only one exchange integral J). Then the spin wave energy is just
E1D(~q) = JSa
2|~q|2 ≡ D|~q|2 (2.25)
where a (= Ro, ∀j) is the lattice parameter, and D is the spin-wave stiffness. It has
been shown that Eq. 2.25 represents the same dispersion relation for the three kinds
of cubic lattices [88]. This defines spin wave stiffness as the parabolic curvature of
the magnon dispersion relation E(~q) for small values of ~q in cubic systems (e.g. X2YZ
Heusler compounds) [86].
Unlike J , it is possible to experimentally measure D of ferromagnets using a variety
of methods, including Brillouin light scattering spectroscopy (BLS) [89, 90], ferromag-
netic resonance, neutron diffraction, and by measuring the temperature-dependence of
magnetization (also called thermomagnetization). This last method requires a relatively
straightforward experiment, using a SQUID magnetometer (the experimental setup is
described in §3.3), which was readily available in the lab and so this method was used
in this work to investigate D values of select Co2-based Heusler compounds.
Thermally-excited spin waves (thermomagnons) cause the spontaneous magnetization
of a ferromagnet to decay with increasing temperature, following Bloch’s law described
by
MS(T ) = MS(0)[1− δT 3/2] (2.26)
where MS(T ) is the spontaneous magnetization at temperature T , MS(0) is the (maxi-
mum) spontaneous magnetization at 0 K, and δ is the so-called Bloch parameter, related
to D by
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δ = 2.612
V
S
(
kB
4piD
)3/2
(2.27)
where V = a3/16 is the atomic volume for a cubic Heusler compound of lattice parameter
a, and S = MS/8µB (with MS in units of µB) is the average spin per magnetic atom
[86, 91]. Thus by fitting a thermomagnetization curve measured under saturation field,
with Eq. 2.26, one can extract δ. Then, with the known or measured values for a and
MS(0), one can finally obtain the spin wave stiffness D of the thermally-excited magnons
through Eq. 2.27. Determining D, essentially describing the ”resistance” against spin-
wave excitation, is a prime factor in understanding thermal stability of magnetization,
and so may be a material property to indirectly test the robustness of spin-polarization
in a predicted HMF.

3
Experimental Techniques
The various experimental setups for carrying out NMR, specific heat and magnetization
experiments will now be explained, along with the techniques used in acquiring the data
which are presented, analyzed and discussed in subsequent chapters.
3.1 NMR Setup
All of the NMR experiments mentioned in this work occured at 5 K in an automated, co-
herent, phase-sensitive, and frequency-tuned spin-echo spectrometer (provided by NMR
Service Erfurt, Germany).
A flow cryostat with a temperature control system allowed measurements to be per-
formed at low temperatures with a continuous, steady stream of liquid helium from a
dewar via a vacuum-jacketed transfer line. To minimize helium evaporation, the outer
vacuum chamber ( surrounding the inner sample chamber) of the cryostat had to be
frequently pumped in order to maintain a sufficiently low pressure, e.g. around 10−6
mbar.
Pulse lengths of 0.6 - 0.9 µs and interpulse durations of 5 µs were used. In order
to apply the rf pulses and receive the induced spin-echo signal, a manganin coil was
wrapped around the teflon-covered sample. This coil was implemented in an LC circuit
with three capacitors. The NMR spectra presented here were recorded in the frequency
(ν) ranges 90-200 MHz (for 59Co) and 300-400 MHz (for 55Mn), with a frequency step
size of 0.5 MHz. Since these ranges are relatively broad (compared with conventional
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NMR experiments on well-ordered compounds), stepper motors were used for tuning
the capacitors efficiently and automatically.
No external magnetic field was applied in these measurements, to maximize the signal
intensity (as explained in §2.1). All NMR spectra shown in this work were corrected for
the enhancement factor as well as for the ν2 dependence, resulting in relative spin-echo
intensities which are proportional to the number of nuclei with a given NMR resonance
frequency. By monitoring the spin-echo intensity at each frequency as a function of the
applied rf power, the optimum rf power for each frequency was found, from which the
enhancement factor was determined and with this the data was corrected (see e.g. [72]).
An NMR spectrum is measured by varying the frequency of the pulses (νRF ) over the
range of interest, and simultaneously adjusting the capacitors (and sometimes the num-
ber of loops in the coil) to compensate for the shifting frequency, so that the condition
νL ∼ νRF is satisfied. This is crucial in order to minimize pulse reflection, and hence
maximize the power transition 1. νL is the Larmor frequency of precession (in this case
of nuclear moments). Since the relation for the resonance frequency of an LC circuit is
ν =
2pi√
LC
(3.1)
where L is inductance and C is the capacitance, in order to scan to yet higher frequencies
one must decrease the capacitance until the minimum value, after which to reach higher
frequencies the number of loops in the coil must be reduced (in order to reduce the L).
The instruments were controlled, and data were acquired and transformed all through
the software program called TNMR (also provided by NMR Service). The pulse sequence
used in the experiments was similar to the Hahn sequence schematically illustrated in
Fig. 2.1, only instead of 90◦-180◦ pulses, 90◦-90◦ were implemented to a similar effect.
Before running an automated frequency scan, several parameters had to be optimized.
This is because both the pulse power and duration of pulse affect how much the precess-
ing nuclear moments are rotated out of equilibrium. These parameters include the pulse
length, power range, last delay and number of scans. The first step before measuring
each new sample, is to find the resonance line with maximum intensity by doing a quick
scan over a broad range at a fixed power and large frequency steps (e.g. 1 MHz). Then,
1This type of adjusting is also known as ”impedance matching”.
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starting with a typical value for the pulse length, a Hahn sequence would be measured
at this frequency with various values of power (measured by attenuation values in dBm).
If the pulse frequency was chosen correctly, then it should be possible to fit the signal
intensity distribution with a Gaussian line. Due to specifications of the spectrometer,
there is a fixed range of power (attenuation) values usable in experiments, and because
one needs to correct for power enhancement effects, if the signal strength distribution
cannot be fitted because the maximum value is too high or low in the range, then the
pulse length must be adjusted. The amount of time to wait after one experiment be-
fore starting the next must be found. This time (called the ’last delay’ or ’delay time’)
should be long enough to along spins to return to equilibrium; a time proportional to the
characteristic spin-lattice relaxation time of the sample. On the other hand, if this delay
time is too long, experiments become inefficient. One therefore must find a compromise
between having a sufficient number of spins returning to equilibrium and a reasonable
measurement time. One way to find the optimal delay time is to measure the spin-echo
signal intensity at a fixed frequency, with optimal pulse length and power, while varying
the delay time. With increasing delay time, the signal intensity will initially increase (
∝ e1−t/τ1) but then eventually saturate (at the equilibrium value). The optimal delay
time is the minimum period needed for the signal intensity to reach its maximum value.
Finally, the number of repeated scans for a single measurement (i.e. at a fixed frequency
with a fixed power) in order to filter out the background noise had to be chosen, which
varied from as little as 250 to over 2,500.
This program was used to Fourier transform the collected data, after which the spectrum
values could be exported and plotted in OriginPro software, where it could be further
analyzed (e.g. with Gaussian curve fitting as explained in §2.1).
3.2 Specific Heat Measurements with PPMS
Specific heat experiments on bulk Heusler compounds were carried out by fully-automated
relaxation measurements using a commercially-available PPMS (Physical Property Mea-
surement System) produced by Quantum DesignTM . For the heat capacity option,
the hardware includes a calorimeter puck (shown inserted into the PPMS chamber in
Fig. 3.1). Standard heat capacity can be measured with the PPMS in the range 1.9 - 400
K, and with the 3He option, from 0.4 to 350 K. Measurements presented in this thesis
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were carried out from 2 - 300 K, in a high vacuum atmosphere 2. Other features of the
PPMS heat capacity option include fully-automated measurement sequencing and curve
fitting, as well as automatic addenda heat capacity subtraction (addenda is background
specific heat, as explained below).
Figure 3.1: Schematic diagram of the PPMS probe and sealed sample space, within
which the sample puck is inserted. The heater and thermometers are plugged into the
bottom of the chamber. Figure taken from PPMS manual.
A schematic of the main components of the puck are shown in Fig. 3.2, which includes
the microcalorimeter (sample) platform to which the sample is attached with ApiezonTM
low-temperature grease. The alumina platform is about 3mm x 3mm, and below it there
is a Cernox thermometer (Lake ShoreTM ) and a RuO heater, with 4 wires emanating
from each (those from the thermometer are connected to the vacuum, and those from
the heater to a thermal bath). There is also a radiation cap placed over the puck before
inserting it into the PPMS. Just enough grease to allow a complete coupling of the sample
to the platform is first applied to the platform with a toothpick, and the addenda, or
background heat capacity of the grease, is measured. Relatively few data points are
needed for this, due to the high thermal coupling. The addenda measurement usually
takes less than a day. Subsequently the sample, prepared as a thin platelet with mass 2
- 15 mg, is carefully placed on the grease and pushed down gently, so as to make a good
thermal coupling between the sample and the platform. Then the heat capacity of the
sample (with the grease) is measured very slowly (especially at higher temperatures, as
explained below), and this measurement can take up to 2 days on average. After both
2A high vacuum is necessary for heat capacity experiments so that heat does not escape via air
molecules coliding with the sample.
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measurements are completed, the addenda is subtracted, and the heat capacity solely of
the sample is obtained.
Figure 3.2: Schematic diagram showing the essential components of the calorimeter
puck used to measure heat capacity by the relaxation method in the PPMS.
Figure 3.3: Schematic showing the temperature profile (lower graph) as the heater
power turns on (at t0) and off (at t’).
Fig. 3.3 depicts a simplified model of the relaxation measurement to calculate specific
heat. At time t0 a fixed amount of heat is applied at constant power (P0) until some
time t’ when the heater is switched off (upper plot in figure), initially increasing the
temperature to a certain point following a curve proportional to 1 − e−t/τ , described
by a characteristic relaxation time τ (lower plot in figure). Upon switching off the
heater, the sample cools for the same duration, where the temperature profile follows an
exponential decrease proportional to e−t/τ . The characteristic time contant τ is related
to the total specific heat of the platform and the sample (Ctotal) by the following relation:
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τ =
Ctotal
Kw
(3.2)
where the constant Kw is the thermal conductance of the wires. This expression comes
from the solution to the differential equation
Ctotal
dT
dt
= −Kw(T − Tb) + P (t) (3.3)
where T is the temperature of the platform (at time t), Tb is the temperature of the
bath (puck frame), and P (t) is the power of the heater as a function of time. Thus,
the heat capacity can be obtained by fitting for τ . This simplified model is sufficiently
accurate for addenda measurements and is, thus, utilized in finding the heat capacity of
the grease.
The advantages of the relaxation technique are that one can measure with high accuracy
relatively small samples (down to ∼ 2 mg), with an easy mounting procedure. Disad-
vantages of the method include complicated curve fitting, slow measurement for larger
samples, and general difficulty in interpreting results when conditions are not ideal.
Advanced algorithms calculate the actual thermal coupling of the sample to the platform,
and subsequently compensate for this coupling when determining the sample’s heat
capacity. This analysis is carried out using a sophisticated two-tau modelTM . Here, in
addition to the time constant for equilibrium between the platform and sample with the
bath (puck), there is a second time constant for the relaxation between the sample and
platform. During the experiment the sample coupling (a measure of the quality of sample
mounting) is recorded, and acceptable measurements are those where the coupling is at
least greater than 90% for all collected data points.
3.3 Magnetization Measurements with SQUID
One of the most sensitive and accurate methods of measuring the magnetic moment of a
sample (whether bulk or film) is by using a superconducting quantum interference device
(SQUID) magnetometer. The principle of how a SQUID works is as follows. There is a
superconducting magnetic coil with a persistent current flowing through it. In addition
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there are one or two superconducting rings with Josephson junctions that make up what
is called the SQUID sensor. When a sample is moved slowly through these pickup coils,
an induced change in current is read and the output voltage is directly proportional to
the sample’s magnetic moment. Thus, when calibrated with a sample of known magnetic
moment, the magnetic moment of any sample can be reliably extracted by a conversion
of the output voltage.
All the experimental magnetization results reported in this thesis were carried out using
an MPMS-5XL SQUID magnetometer, produced by QuantumDesign. With this system,
measurements can be performed with an applied magnetic field in the range of 0 -
±50 kOe and in the temperature range 1.7 - 400 K.
Unless otherwise stated, magnetic hysteresis curves were carried out at 5 K and with an
applied field between 2 - 5 kOe. After finding the minimum magnetic field needed to
saturate the magnetization of a sample (i.e. the saturation field), the sample was again
cooled down to 5 K in the absence of a field. Then the saturation field was applied, and
the temperature dependence of magnetization, or thermomagnetization, was measured
while slowly warming up to room temperature.

Part II
Results
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NMR Reveals Structural Evolution Upon Annealing in
Epitaxial Co2MnSi Films
The text in this chapter is almost identical to the following publication:
S. Rodan, A. Alfonsov, M. Belesi, F. Ferraro, J. T. Kohlhepp, H. J. M. Swagten, B.
Koopmans, Y. Sakuraba, S. Bosu, K. Takanashi, B. Bu¨chner, S. Wurmehl
Applied Physics Letters 102, 242404 (2013)
4.1 Motivation
Most spintronics applications are dominated today by magnetoresistive devices with
high tunneling magnetoresistance (TMR) and giant magnetoresistance (GMR). Finding
materials with high spin polarization is one promising route to realizing ideal electrodes
for practical applications, and Co2MnSi (CMS) has of late attained fame as a leading
candidate [28, 92]. This Heusler compound has been extensively studied already (see
e.g. [58–60, 62, 64, 66, 90, 91, 93–95]), as it displays several salient features: high Curie
temperature (985 K [96]), high magnetic moment (5 µB per formula unit [96]), and it is
predicted to be 100% spin-polarized at the Fermi level [97], thus qualifying as a potential
HMF [17, 19, 20].
For example, read-heads in modern hard disk drives utilize either the GMR or TMR ef-
fect. Current-perpendicular-to-plane-giant-magnetoresistance (CPP-GMR) read heads
offer some advantages compared to TMR read heads due to their lower resistance-area
products and their reduced noise [98]. Sakuraba et al. report a notable rise in the mag-
netoresistance (MR) ratio measured on CPP-GMR devices composed of CMS/Ag/CMS
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with increasing annealing temperature (Tanneal), where a maximum of 67.2% (36.4%)
at 110 K (300 K) was found in the device annealed at 550◦C [66]. The MR ratio was
also shown to drop sharply at higher annealing temperatures [66]. An explanation of
the evolution of the films’ atomic structure under annealing was attempted employing
x-ray diffraction (XRD). However, for such compounds comprising elements from the
same periodic row (e.g., Co and Mn), the scattering factors are too similar to resolve
differences in atomic configurations in an XRD pattern [69]. Therefore a local probe
technique, such as nuclear magnetic resonance (NMR), is required to investigate and
resolve the atomic ordering unambiguously.
4.2 Experimental Details
The fully epitaxial films with nominal Co2MnSi (2:1:1) stoichiometry were prepared by
an ultrahigh-vacuum-compatible magnetron sputtering system. The film stacks consist-
ing of Cr(20 nm)/Ag(40 nm)/CMS(40 nm) were deposited on MgO(001)-substrates. For
details of the preparation and characterization, see [66].
Polycrystalline Co2+xMn1−xSi samples, with x=0.1 and 0, were prepared by arc-melting
stoichiometric quantities in an argon atmosphere [99]. After casting, the polycrystalline
ingots were annealed in an evacuated quartz tube for a few days at 550◦C.
Regarding details about the NMR setup and running experiments, see §3.1. For back-
ground on magnetron sputtering and arc-melting methods, see Appendix A.
Figure 4.1: Schematic showing the composition and layer thicknesses of the thin films
used in this investigation.
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4.3 Results and Discussion
Both 59Co and 55Mn NMR spectra were measured on as-deposited films, as well as
identical films annealed at 400, 500, 550, and 600◦C. An overview of the 59Co spin-
echo NMR spectra of films, with a comparison to bulk CMS, is presented in Fig. 4.2.
Attempted measurement of the spectrum for the as-deposited film did not reveal clear
peaks distinguishable from background noise, indicating a lack of the long-range order
of a magnetic Heusler structure (and so was not included in the figure). The 400◦C and
500◦C - annealed films exhibit two main peaks: P1, at around 143 MHz, corresponds
with appearance of environments roughly resembling an L21-type order with a broad
low-frequency shoulder, and around 117 MHz is a smaller peak P2.
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Figure 4.2: Comparison of the 59Co spectra of films with nominal CMS stoichiometry
annealed at 500, 550 and 600◦C. The 500◦C film has been scaled up by a factor of 9
with respect to the 550 and 600◦C films. The spectrum of bulk CMS has been added
to show that P1 corresponds to Co nuclei with local L21 order.
The films with Tanneal ≥ 550◦C exhibit a strong enhancement of P1 with respect to P2.
The P1 peak also narrows, and shifts up to 146.5±0.5 MHz; coinciding with the NMR
line for the bulk CMS, as indicated in Fig. 4.2 (solid red line). These changes imply
the onset of long-range, true L21-type Heusler order. Additionally, the low-frequency
side of the spectrum of the 600◦C film notably appears different from P2 of the 550◦C
and 500◦C films, which could either be due to non-equilibrium phase formation in the
bulk of the film, or possibly the appearance of a foreign phase (conceivably formed in
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response to interdiffusion at the interface between the Ag and CMS layers), the latter of
which may additionally explain the drop in MR ratio in devices annealed above 550◦C.
This issue will be returned to later, after focusing on the main (P1) peak.
The analysis will begin by discussing the results from the film annealed at 550◦C (where
also the highest MR ratio within the series of annealed CPP-GMR devices has been
reported [66]). The main resonance line in the 59Co NMR spectrum for this film (labeled
as P1 in Fig. 4.2) corresponds to the position expected for fully L21-type CMS structure,
with a first Co coordination shell of 4Mn+4Si. In addition, a shoulder is observed on the
low-frequency side of this main line, which can be decomposed into a superposition of
additional satellite lines with comparable spacing and linewidths (details given below).
A similar shoulder on the high frequency side is not observed. The absence of resonance
lines on the high-frequency side of the main line rules out intermixing of any two (or
all three) of the atoms from their nominal lattice positions, and hence the usual types
of antisite disorder encountered in Heusler compounds [4, 51, 73], as will now be briefly
explained.
For instance, if there would be a B2-type disorder between the Mn and Si, different
environments reflecting Mn replacement on Si sites would manifest as additional reso-
nance lines on the higher frequency side of the main line (i.e. P1), due to the increased
hyperfine field from having more Mn in the first coordination shell of the 59Co nuclei
[100]. But equally probable (again, assuming random mixing) first shell environments
with more Si than Mn would correspond to smaller hyperfine fields, i.e. lines appearing
on the lower frequency side of the main line. In total there would be nine lines, corre-
sponding to the nine possible first-shell environments: i.e. 8Mn, 7Mn+1Si,...,1Mn+7Si,
8Si. Additionally, one would expect these nine lines to have a large mean spacing (due to
relatively large difference in transferred hyperfine fields of magnetic Y and nonmagnetic
Z) leading to distinct resonance lines with practically no overlap [73, 101]. Fig. 4.3(a),
borrowed from [101], illustrates how B2 resonance lines appear in the 59Co spin-echo
intensity spectrum for a similar Heusler compound, Co2FeAl, with seven clearly distinct,
evenly-spaced peaks.
Then, if there is a completely random intermixing of all atoms on all sites (the so-called
A2-type disorder), one would have 90 different possible first shell environments. In this
case one would expect a very broad Gaussian over a large range of frequencies (around
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Figure 4.3: 59Co NMR spectrum for Co2FeAl. (a) shows B2 order in one sample
with 10% L21 contributions, (b) shows how a broad background line indicates partial
A2 order in another sample with B2 order also. Figure taken from [101].
100 MHz), resulting from a large overlap of many distinct but similar environments
[101–103]. Fig. 4.3(b) (borrowed from [101]) illustrates how a broad background line,
representing A2 order, in addition to the well-spaced B2 lines helps fit the 59Co spectrum
for the Co2FeAl (after annealing).
Also, if there is a random mixing of Co and Mn (i.e DO3-type order), then in the first
coordination shell a number of the four Mn sites will be replaced by Co, resulting in up
to four lines on one side of the main line [104]. But, considering the second coordination
shell, which in the L21 structure is comprised of Co atoms on their 8c positions, one
would also expect Mn (or Si) to mix in and replace some number of Co atoms. This
would result in resonance lines on the other side of the main line. However, due to the
further distance of the second shell than the first, these peaks would be expected to be
both reduced in intensity (compared with peaks from first shell mixing) as well as show
a finer nature, i.e. more lines with a shorter interline spacing, as there are more sites as
one goes to higher shells [104]. Fig. 4.4 (taken from [104]) shows the expected signature
for DO3 order in the
59Co NMR spectrum for Co2TiSn. Here the measured spectrum
could be fitted well with five Gaussians corresponding to Co on Ti sites (lines centered
at D and E on the higher frequency side) and Ti on Co (lines centered at A and B on
the lower frequency side), with the main line (centered at C) representing the major
contribution of the fully-ordered L21 phase. One should take note of how the spacing
for resonance lines representing different second-shell environments are closer together,
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as the shift in total hyperfine field is less than for similar antisite exchanges in the first
shell.
Figure 4.4: 59Co NMR spectrum for Co2TiSn, showing a typical DO3-type ordering
with fives lines corresponding excess Co in the first shell and excess Ti in second shell.
Figure taken from [104].
The P2 line between 110 and 130 MHz in the 400, 500 and 550◦C samples is thought
to represent the same thermodynamic phase, though in Fig. 4.2 the 500◦C spectrum is
scaled up by a factor of 9, and the 400◦C by a factor of 11, roughly. This was done to
better view the rapid reduction of this contribution with respect to the total spectrum
with increasing annealing temperature. For this line one considered contributions from
the local environments of CoMn antisites. However a similar line did not show up
in the annealed, off-stoichiometric bulk polycrystal. This inconsistency obviates the
consideration of CoMn antisites for this line. As mentioned before one can also rule
out a B2-type contribution, as no such similar resonance line are found on the high-
frequency side of the main line, at the same distance from it. Unlike bulk samples,
interfacial and surface atoms make up a significant percentage of the total atoms in
thin film samples. However, since the films under consideration here are 40 nm thick,
the Co nuclei bordering the top and bottom interfaces with Ag would only make up
roughly 1/70 of the total number of Co in the bulk, away from the interface, so one
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would not expect those nuclei to be separable with the signal-to-noise ratio under the
present experimental conditions.
Eliminating the common types of disorder, one can now look into the possibility of an
element on one position replacing another on a different position one-sidedly, rather than
a symmetric intermixing of both elements on both positions. Such a situation would
be expected if the films are off-stoichiometric; several groups have indeed previously
reported off-stoichiometry in X2YSi Heusler films deposited by sputtering [103, 105].
An off-stoichiometry related to excess of magnetic Mn atoms replacing magnetic Co
atoms yields additional resonance lines, but on the high frequency side [105]. This
observation agrees with first principle calculations, which predict the magnetic moment
on Mn atoms to be greater than on Co atoms for Co2MnSi [58]. As a simple starting
model, therefore, it was hypothesized that the origin of the low-frequency shoulder is
due to excess Co occupying Mn sites (CoMn antisites).
In order to confirm this prescribed model for the film annealed at 550◦C, the NMR spec-
trum of a polycrystalline bulk sample intentionally prepared with a small off-stoichiometry,
namely Co2.1Mn0.9Si, which was annealed at 550
◦C after growth was measured and
compared with other spectra. With such a stoichiometry, one would expect a result-
ing Heusler structure with 10% of Mn sites replaced by the excess Co atoms ( i.e.
Co2(Co0.1Mn0.9)Si). Indeed the
59Co spectrum revealed a very similar shape to that of
the film annealed at 550◦C, as can be seen in Fig. 4.5. The pronounced shoulder on the
low frequency side, tentatively assigned to CoMn antisites, is essentially absent in the
stoichiometric Co2MnSi bulk sample, but (qualitatively) resembles the spectrum of the
550◦C thin film, thus lending support to our model which we now investigate quantita-
tively. In addition, the inset of Fig. 4.5 shows that in the low-frequency range the bulk
off-stoichiometric sample does not show the P2 peak seen in the films, thus, indicating
that the local environment(s) responsible for such a line in the NMR spectrum is not
related to the shoulder of P1, i.e. Co occupying Mn positions, and possibly emerges
only in thin films prepared under given conditions.
In general, films grow far from equilibrium, unlike bulk crystal growth where one can
cool the sample very slowly to achieve near equilibrium conditions. As a result, films
usually contain many types of defects such as amorphous phases, grain boundaries, mixed
phases, and excess point defects [106]. For example, films are deposited on a substrate
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Figure 4.5: 59Co NMR spectrum for off-stoichiometric bulk Co2.1Mn0.9Si, measured
after annealing at 550◦C, in direct comparison with the qualitatively similar spectrum
from the film annealed at the same temperature, as well as the bulk CMS data. Inset
shows low-frequency P2 peak (scaled up by factor of 10) absent in annealed bulk sample.
(unlike bulk crystalline materials), and therefore if the lattices of the substrate and
film formed above do not exactly match, there can be a certain amount of epitaxial
strain. As illustrated in Fig. 4.6, the first few atomic layers of film deposited will have
a lattice parameter matching the underlying substrate, but then after some critical
thickness (depending partly on lattice parameter mismatch) switch to the favorable
lattice constant of the material itself (as in bulk samples). Some such defects can,
in principle and often in practice, be minimized significantly with annealing during or
after deposition, but not, e.g., strain induced from the substrate. Because P2 clearly
appears to be significantly reduced with increasing annealing temperature between 400
and 550◦C, one suspects that it is related to phases or point defects formed during the
out-of-equilibrium deposition process of the films in some way. High-resolution transition
electron microscopy, for example, might aid in better understanding the origin of the P2
lines, therefore.
Returning the focus to P1, in order to interpret the physical coordination shell environ-
ments from the measured spectra, this portion of the spectrum is fitted using a sum of
Gaussian lines, and the relative areas of these lines were then compared to the probabili-
ties calculated from a random atom model [84], which is essentially a specific application
of the binomial distribution function (see page 23).
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Figure 4.6: Epitaxial strain in a thin film due to the missmatch in lattice constants
in film and substrate crystal structures.
It is possible to fit the spectrum using a minimal four Gaussians, as shown in Fig. 4.7(a),
with a constrained spacing of 2.9 MHz and line width of 2.1 MHz. The relative areas of
the lines are compared to a binomial distribution with n (integer values 0-4) being the
number of Co antisites on the nearest neighboring 4b sites. In Fig. 4.7(b), we show a
histogram comparison between the integrated relative areas of the Gaussian peaks and
the probabilities from a random atom model with x = 0.12, or 12% of 4b sites being
substituted with excess Co. To be convinced that this is indeed the best possible match,
we have included in Fig. 4.7(c) a plot showing the differences in percentage between the
relative areas of the Gaussian line fit and the probabilities from the binomial model for
different values of x, illustrating that the best fit is for 12±1%.
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Figure 4.7: (a) 59Co spectrum of the thin film with nominal CMS stoichiometry
annealed at 550◦C. The inset shows that the main line matches that measured from a
bulk sample with confirmed CMS stoichiometry. (b) Comparison of the relative areas
of the Gaussian lines with a binomial fit with 12% of Mn sites being randomly occupied
by excess Co atoms. (c) Differences between fit and binomial models with different
concentrations (x) of Co.
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To investigate the validity of the replacement of 12% of Mn sites with excess Co, the 55Mn
NMR spectrum for the same 550◦C-annealed film was also measured. The 55Mn spec-
trum extends across the higher frequency range of 349-361 MHz. As seen in Fig. 4.8(a),
the spectrum spans only 8 MHz, with many overlapping resonance lines mostly on the
high frequency side of the main resonance line.
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Figure 4.8: (a) 55Mn NMR spectrum of the thin film annealed at 550◦C. (b) Percent-
age differences between the relative areas of the Gaussian fitted lines with percentages
according to binomial fits with different concentrations (x) of Co on nominal Mn sites.
For the NMR-active Mn nuclei, the primary contribution to line broadening would be
that of CoMn antisites occuring in the third coordination shell, nominally composed of
12 Mn sites (the first shell consists solely of 8 Co atoms, and the second shell of 6 Si
atoms). This allows the possibility of up to 13 different possible local configurations
(i.e. 12Mn, 11Mn+1Co, 10Mn+2Co, ... , 12Co). The magnetic differences between
these various third-shell environments would weakly affect the hyperfine field at the
nuclei (compared with similar differing magnetic environments in first or second shells),
making the expected spacing for the resonance lines relatively small [73, 104]. We fitted
the spectrum with 5 Gaussian lines, corresponding to local environments where only
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0-4 Mn nuclei were replaced by Co, each with a width of 0.79 MHz, and a spacing
between lines of 0.8 MHz. Only five lines were used, because under the constraints of
equal spacing and equal widths of the Gaussians, that was the minimum needed to fit
the bulk of the spectrum. In principle more Gaussians could be used in the fitting,
namely the 13 corresponding to all possible third-shell environments with Co and Mn
distribution. However, due to the small amount of antisite disorder, around half of these
would be so small as to not be visible in the spectrum, at least within the resolution of
the NMR setup used. Moreover, as will be shown below, for the 55Mn spectrum of the
600◦C-annealed film only 5 lines could be used, so although in this case it looks like a
sixth line could have been included, only five were used for sake of direct comparison.
Fig. 4.8(b) shows that after fitting the spectrum with Gaussian peaks, a binomial model
fit with 13% is the best match for all lines. Thus, the model applied to the 59Co spectrum
also describes the 55Mn data convincingly.
With our assumed off-stoichiometry between the Mn and Co now validated through the
agreement of the 59Co and 55Mn spectra, and by comparison with the off-stoichiometric
bulk sample, we proceeded to see how the films evolve with higher Tanneal. For the
59Co
spectrum of the 600◦C film, as shown in Fig. 4.2, the obvious change is a narrowing of
the combined spectrum, indicating a reduction in the low-frequency shoulder, and thus
an overall improvement of the atomic order.
Fig. 4.9(a) shows that the 59Co NMR spectrum for the 600◦C-annealed film can be
fitted around P1 again with 3 Gaussian lines of equal width and positions as for the
550◦C film. Fig. 4.9(b) demonstrates that the relative areas of these lines best match
a binomial distribution corresponding to a substitution of 11% of Mn sites with CoMn
antisites.
The corresponding 55Mn spectrum, with the same analysis method applied for the Mn
spectrum of the 550◦C film, is presented in Fig. 4.10. Both spectra for this film agree
on an increase in L21-type ordering, or equivalently, a decrease in the concentration of
Co occupying Mn sites from 12 to 11%.
Therefore annealing these films at high temperature, up to 600◦C at least, seems to
increasingly improve the overall atomic order, regardless of an intrinsic off-stoichiometry
of ∼12%, assumed to be present in all the films from sputtering. Thus, assuming the
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Figure 4.9: (a) 59Co NMR spectrum of the thin film annealed at 600◦C. Inset shows
reduction of low-frequency shoulder of main line, as well as the appearance of a broad
superposition of lines in the range 115-130 MHz. (b) Percentage differences between
the relative areas of the Gaussian fitted lines with percentages according to binomial
fits with different concentrations (x) of Co on nominal Mn sites, showing that here 11%
is optimal.
model is correct, a similar or even rising spin polarization is expected with increasing
annealing temperature, and therefore increasing MR ratios in corresponding CPP-GMR
devices. However, this is contrary to the reported results [66], where the MR ratio
rapidly falls to zero for devices annealed above 550◦C.
In order to have high MR ratios, the devices need both a high spin-polarized current
[107] as well as smooth interfaces to maximize spin injection [108, 109]. One possible
explanation for the drop in MR of films annealed above 550◦C could therefore be inter-
diffusion of Ag from the buffer layer into the Heusler film. The current experimental
parameters in this NMR experiment were chosen in such a way that the NMR signals
originating from the bulk are well resolved, but that NMR signals coming from Co at
the Co-Ag interfaces are hidden in the background signal. This is particularly true
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Figure 4.10: (a) 55Mn NMR spectrum of the thin film annealed at 600◦C. Inset shows
the decrease in lines with Co on Mn sites, indicating higher L21 ordering. (b) The
relative areas of the Gaussian fitted lines correspond to binomial distribution with 11%
of Mn sites occupied randomly by Co antisites, thus agreeing with the 59Co spectrum
of the same film.
for Co nuclei located in an interdiffused region where different numbers of Ag atoms
from the former smooth interface would have moved into the bulk film due to elevated
annealing temperatures. Hence, a direct observation of NMR lines related to the inter-
face is excluded and the low-frequency P2, and broader peak(s) seen in the 600◦C film
(Fig. 4.2), most likely do not directly correspond to interfacial Co and Co near diffused
Ag, respectively.
However, there is a more indirect method to investigate the interdiffusion from the
interfaces as the magnetic properties of the films can be probed via the restoring field
(Hrest), and the evolution upon annealing can be compared with the static coercive field
(Hc) measured previously and reported in [66]. Hrest is an effective field originating from
a resistance to magnetic oscillations, and so is proportional to the square root of the
optimal power (i.e. the power producing the maximum spin-echo intensity) of the applied
rf pulses [72, 73]. This provides a measure of magnetic stiffness or magnetic anisotropy
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on a local scale, compared with the macroscopic domain wall stiffness described by
coercive fields from SQUID magnetometry [72, 73] (see also page 30 for discussion on
enhancement and its related aspects). Fig. 4.11 shows the Tanneal-dependence of the
square roots of the optimal power for the main P1 line, plotted along with the Hc values
for the samples as reported in [66]. Upon comparing these graphs, one first notices that
the film with the minimum Hc (magnetically softest one) corresponds to the film with
the minimum Hrest (largest enhancement), as expected. The increasing Hrest and Hc
with lower annealing temperature are also expected due to magnetic pinning at the many
defect sites present in these highly disordered samples. If the structural ordering in the
Heusler films has been shown to improve upon annealing at temperatures above 550◦C
(as done in this report), a decrease or saturation of Hrest and Hc should be expected.
However, it is clear that both these fields increase for higher temperature annealing,
offering further evidence for interdiffusion at the Ag interfaces as the culprit for the
drastic drop in MR in the CPP-GMR device annealed at 600◦C, as was conjectured by
Sakuraba et al. [66].
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Figure 4.11: Annealing-temperature-dependence of the square root of the optimal
power (proportional to restoring field) for the main line (146 MHz) of the 59Co spectrum
in different films. They are compared with the corresponding coercive fields (Hc) taken
from [66].
4.4 Conclusion
By comparing the 59Co NMR spectra of the thin films annealed at 550◦C and 600◦C with
the bulk samples, we have shown that the source of the shoulder on the low-frequency
side of the main resonance line observed in the films is the off-stoichiometry between the
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Mn and Co, namely, Co occupying up to 12% of Mn sites. With increasing annealing
temperatures, it was shown that the films evolve toward a higher degree of L21-type
order, despite the presence of an appreciable off-stoichiometry. The decrease of the
main line shoulders in both the 59Co and 55Mn spectra proves that DO3-type order does
not increase above 550◦C, contrary to what was previously predicted from XRD data
[66]. Ruling out this type of disorder as the cause of the drastic drop in the MR ratio
reported for the 600◦C-annealed device [66], the drop appears to result instead from
interdiffusion at the Ag/CMS interfaces, which possibly catalyzes the formation of a
secondary phase, whose signature is observed at lower frequencies in the spectra. Thus,
the optimization of CMS films for spintronic applications appears to include a procedure
of fine-tuning the underlying atomic stucture by annealing at an optimized temperature
where maximum L21 order is obtained, but simultaneously interfacial interdiffusion or
the emergence of unfavorable secondary phases is avoided.
5
Optimal Mn Content for High Magnetoresistance in Heusler
Thin Films Revealed by NMR
5.1 Introduction
This chapter presents and discusses results from another NMR study on CMS films,
prepared under similar conditions to those used in the study described in chapter 4,
except that here, the Mn content was varied (rather than the annealing temperature).
General motivation for studying CMS was given in the introduction to chapter 4 (e.g.,
see page 39).
The crystalline structure of Heusler compounds, in both bulk crystals and thin films,
is riddled with atomic disorder issues (as discussed in chapter 1), many types of which
strongly affect certain physical properties and lead to the complication of obtaining
truly 100% spin-polarized HMFs. The motivation for producing CMS films with higher
concentrations of Mn in the composition was to see if it would prevent the formation of
unfavorable CoMn antisite defects. These antisites, where Co atoms occupy the nominal
Mn sites (i.e. Mn positions within the L21 structure), have been predicted to destroy
the Fermi level’s 100% spin polarization [58], and are therefore potential catalysts for
decreasing MR ratios in both GMR and TMR devices [60, 62, 64, 94, 110, 111].
In the last chapter, it was shown that the extent of CoMn can be reduced by post-
deposition in-situ annealing at higher temperatures, however, several studies report evi-
dence that even the formation of such antisites can be circumvented by initially preparing
films with an excess concentration of Mn (i.e. x > 1) [68, 111–113]. Epitaxially-grown
magnetic tunnel junctions (MTJs), whose top and bottom electrodes are composed of
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off-stoichiometric Co2MnxSi0.88 sandwiching a thin insulating MgO spacer layer, have
displayed increasing TMR ratios at both low-temperature and room temperature (RT)
with increasing Mn content x. Values of 1135% at 4.2 K and 236% at RT for x=1.29
were the highest measured [68].
These results show that excess Mn does minimize unfavorable CoMn antisites which
have been shown to adversely affect important physical properties, such as saturation
magnetic moment and MR ratios (in heterotructure devices), thus hindering the opti-
mization of such films for spintronics device applications. So far, however, the underlying
structure of the electrode layers has not been investigated to identify and (if possible)
quantify the types of disorder present.
Nuclear magnetic resonance (NMR) has proven to be an indispensible measurement
method to ascertain reliable quantitative information on both atomic site disorder as
well as off-stoichiometry, not possible solely utilizing X-ray diffraction measurements,
especially with many of the intermetallic Heusler compounds [69]. In this work NMR
spectra of both the 59Co and 55Mn nuclei were measured; providing a way to check the
consistency of a given structural model of atomic antisite disorder.
5.2 Experimental Details
Fully epitaxial film stacks were prepared by sputter deposition with the following lay-
ered composition: MgO(001) substrate/MgO buffer (10nm)/Co2MnαSiγ (γ = 0.88 ±
0.02) (50nm). The 10nm MgO buffer layer was deposited at 400◦C, and the 50nm
Co2MnαSi0.88 films were deposited at room temperature and subsequently annealed in-
situ at 600◦C. No capping layer was deposited on the Co2MnαSi0.88 layer. Three such
stacks were prepared with Mn composition values of α = 0.72, 1.12, and 1.32. To achieve
the Mn-deficient (α = 0.72) film, sputtering was done from a stoichiometric Co2MnSi
(bulk) target, but the Mn-excessive (α = 1.12, 1.32) films were prepared by co-sputtering
from the Co2MnSi target and a pure Mn target (see, e.g., [114] for further details of film
deposition and growth).
Polycrystalline bulk ingots with the same corresponding stoichiometries of Co2MnαSi0.88
were prepared using an arc-melting furnace in an argon atmosphere [99]. The correct
stoichiometries were confirmed for the α = 0.72 and 1.12 samples using scanning electron
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microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX) mode. The α =
1.32 arc-melted sample turned out to be phase-segregated into at least two phases of
differing stoichiometry.
Regarding details about the NMR setup and running experiments see §3.1. All spectra
shown in the figures have been normalized to the intensity of the main peak (on a scale
of 0-10 of arbitrary units).
Details about the binomial model analysis used in this work has already been presented
in §4.2.
5.3 Results and Discussion
An overview of the 59Co NMR spectra from the Co2MnαSi0.88 epitaxial films, with three
different amounts of Mn content, is displayed in Fig. 5.1. Each film was analyzed with
random atom models separately. 55Mn NMR spectra were also measured and results
will be mentioned to add in the discussion to help the interpretation of the different
types of structural orders.
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Figure 5.1: Comparison of 59Co NMR spectra from all thin films of Co2MnαSi0.88 (α
= 0.72, 1.12, and 1.32).
The α = 0.72, Mn-poor film is considered first. In Fig. 5.1, one of the first changes
one notices is a distinct narrowing of the 59Co spectrum of the α = 0.72 film with
respect to those of films with excess Mn (i.e., α > 1), so much so, in fact, that the full
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spectrum can fit within the range of the main line for the α = 1.12 film’s Co spectrum,
of roughly 20 MHz. Another major difference is that no lines with inter-peak spacings
of approximately 32 MHz were found on the high frequency side of the main line, as in
both the films with excess Mn. This indicates an absence of MnSi antisites, as will be
explained below for the other films.
The 59Co and 55Mn NMR spectra for the α = 0.72 film are shown in parts (a) and (b)
of Fig. 5.2, respectively. In both cases, the NMR spectra for the Co2.1Mn0.9Si thin film
from the previous study in Chapter 4 were included for a comparison of two different Mn-
deficient films. The spectra matched well for both NMR-active nuclei, which indicates,
as analyzed in chapter 4, that there are CoMn antisites in the α = 0.72 film as was
shown for the Co2.1Mn0.9Si film. However, there is an additional prominent satellite
signal centered at 154 MHz in the Co spectrum of the α = 0.72 film, which is not seen
in the Co2.1Mn0.9Si film’s.
Now the shoulder on the low-frequency side of the main line coincides very closely with
that of the Co2.1Mn0.9Si thin film (discussed in chapter 4) as shown in Fig. 5.2(a). In
Fig. 5.3(a), a minimum of four Gaussian lines were necessary to fit this part of the
spectrum smoothly. These lines can be convincingly attributed to CoMn antisites (in
the 1NN shell) since the common line width of 2.5 MHz, and inter-line spacing of 3
MHz, are roughly the same values used in chapter 4 (or equivalently [67]), where the
existence of CoMn antisites was proven for a different film which turned out to also be
Mn-deficient.
The binomial model that most closely matches the relative areas of the integrated Gaus-
sians corresponds to a CoMn concentration of z = 0.11, i.e. 11% of nominal Mn sites are
replaced by Co. This type of antisite was expected to occur in Mn-poor stoichiometries,
as outlined in the introduction.
Returning to Fig. 5.2, we observe now the 55Mn NMR spectrum for the Mn-deficient
film shown in the lower part of the figure (b), plotted together with the Co2.1Mn0.9Si
film’s spectrum. This was done to illustrate further proof that the main features in the
spectrum, corresponding to deviations from ideal L21 structure, are due to CoMn anti-
sites. The same binomial-model fitting technique was used to determine the quantitative
extent of CoMn antisites according to the Mn spectrum, and a fit using Gaussians, with
widths and positions identical to those used in the previous study (see chapter 4 or [67]),
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Figure 5.2: Summary of (a) 59Co and (b) 55Mn NMR spectra of Co2Mn0.72Si0.88 thin
films (alongside a stoichiometrically similar Mn-deficient film).
resulted in a match with a binomial model of distribution of Co on Mn sites of around
13 (±1)%. Thus, we have complementary interpretations of the main features of both
59Co and 55Mn NMR spectra for the x = 0.72, Mn-poor film.
Regarding the satellite hump at 154 MHz, there are two possible scenarios for its origin
that should be considered. For one, it could be that there are MnSi antisites, but the
amount is low enough that the 1NN shells, with only 4 nominal Si sites, would appear
L21-ordered, but at least one MnSi in higher shells could be resolved, e.g. the 4NN shell
with 12Mn+12Si in the nominate L21 structure. It has recently been predicted by Li et
al. [111] for Co2MnαSiβ, with α,β < 1, that in addition to CoMn antisites, some MnSi
may also occur. MnSi are also predicted to be more likely than CoSi antisites as a result
of the former’s lower calculated formation energy [115].
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Figure 5.3: 59Co NMR spectrum of Co2Mn0.72Si0.88 film, fitted with five Gaussians:
four equal-linewidth ones representing 1NN environments with CoMn antisites, and the
fifth, wider line fitting the small hump on the high-frequency side of the main line,
tentatively representing a small amount of MnSi antisites.
A similar case, where the magnetic antisites were instead FeGa, was previously reported
in polycrystalline bulk Co2FeGa [116]. Fig. 5.4 displays the
59Co spectrum for that
material, taken and slightly modified from [116]. Within the solid red circle of the figure
is a small satellite signal at 192 MHz (just to the right of the main line), which they
claim to originate from nuclei with local environments of L21-like 1NN shells (4Fe +
4Ga in this case) but with one FeGa antisite in the 4NN shell (i.e. 13Fe + 11Ga).
Furthermore, considering then the recently-proposed Site-Specific Formula Unit (SSFU)
composition model [111], Co2Mn0.72Si0.88 would fall under the so-called ”Type-II” cate-
gory, where instead of expressing the composition simply as Co2MnαSiβ, one could write
it as Co2[Mn1−xCox][Si1−yMny], expressing the various antisite contributions explicitely,
where
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Figure 5.4: 59Co spectrum of polycrystalline bulk Co2FeGa, taken from [116], with
a (red) circle around a satellite signal qualitatively similar to the one seen in the x =
0.72 film.
x =
2(2− (α+ β))
2 + α+ β
; y =
2 + α− 3β
2 + α+ β
. (5.1)
For the film presently under consideration α = 0.72 and β = 0.88, and so x ' 0.22 and
y ' 0.02. In order to check if there is indeed 2 % of Si sites occupied by Mn, the area of
the Gaussian fittings from Fig. 5.3(a) of the 154 MHz hump (tentatively corresponding
to a 4NN shell composition of 13 Mn + 11 Si) was compared to the total integrated
area of the other 4 Gaussians (tentatively corresponding to a 4NN shell composition of
12 Mn + 12 Si). These were then compared with probabilities from a binomial model
of 13 possible configurations for the 4NN shell, where the Mn concentration was varied.
The optimized match for the percentage of Mn on Si sites then indeed turned out to be
1.8 %, fitting the SSFU model very well.
Additional evidence for this model was found upon measuring the 59Co NMR spectrum
of a bulk sample, prepared with an arc-melting furnace (see Appendix A.1 for details of
this technique), with an identical Mn-deficient stoichiometry. This spectrum is shown in
Fig. 5.5, plotted along with the corresponding film. There appears to be a line around
175 MHz, seen only in the case of the bulk sample, which is just 3 MHz shorter than
the distance from the main line one would expect to find a signal from Co nuclei with
one MnSi antisite in their 1NN shell. If this were a signal from MnCo antisites, it should
be situated at a frequency about 7 MHz lower than seen in the spectrum, at least to
be consistent with the analysis of the x = 1.12 film (see below). Additionally, there
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is a smaller satellite peak on the high-frequency shoulder of the main line. This could
correspond to the similarly-situated line seen in the film, tentatively representing the
MnSi antisites in the 4NN shell, which could be larger here than in the film because the
line 29 MHz above the main line appears (tentatively corresponding to a MnSi in the
1NN shell), indicating a larger concentration of MnSi in the bulk sample. Because only
one such line appears, and it was not possible to collect a more sufficient number of data
points, there would be high error in attempting to quantify the amount of MnSi antisite
disorder in the bulk sample. Also one sees that the lines for MnSi in the 1NN shell
disappear before those corresponding to 4NN environments as the MnSi concentration
decreases below 2%, because one could imagine for such miniscule concentrations, even
though the number of nuclei with a MnSi antisite within the 1NN shell may be so small
as to not be detectable in the experiment, the number of nuclei with at least one MnSi
in its higher shells (e.g., the 4NN shell of Co) could still be sufficiently high that a signal
could be resolved in the spectrum.
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Figure 5.5: 59Co NMR spectrum of a Co2Mn0.72Si0.88 bulk sample, plotted together
with the thin film of corresponding stoichiometry.
An alternative scenario for the 154 MHz signal, that cannot be completely ruled out,
is that it is the signature of MnCo antisites. A similar
59Co NMR spectrum has been
reported for Co2FeSi [117], however this signal on the high-frequency side of the main
line, corresponding to environments with FeCo antisites, only begins to appear for an
excess of Fe (i.e., x >1 for Co3−xFexSi). This is not the case for the Mn content in
the Co2Mn0.72Si0.88 film, so it would seem less probable that MnCo antisites would form
under such a stoichiometry.
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EDX analysis was carried out on a polished surface of the Co2Mn0.72Si0.88 polycrystalline
ingot. SEM images of the corresponding analyzed regions, zoomed in on two different
length scales in Fig. 5.6, show uniform stoichiometric phase. One can now rule out other
secondary phases as candidates for the origin of the line at 175 MHz.
Figure 5.6: SEM images of a polished surface from the interior of the polycrystalline
bulk Co2Mn0.72Si0.88 sample, shown on different length-scales.
All evidence considered then, a negligible amount (< 2%) of MnSi antisites seems to be
the best diagnosis for the satellite peak at 154 MHz in the α = 0.72 (Mn-deficient) thin
film. This signal was not seen in the films of the previous (chapter 4) study, because
there was negligible (if any) Si-deficiency.
Now that the Mn-poor film has been examined, the attention is turned to the question
of what happens to the local ordering on the structure with a Mn excess. Starting with
α = 1.12, where the Mn excess exactly compensates the Si deficiency in the full-Heusler
stoichiometry, its 59Co NMR spectrum, shown in Fig. 5.7(a), is primarily composed of
three broad lines. The bulk of this spectrum can be fitted with three Gaussian lines
(solid curves in the figure), with an average interline spacing of 33 MHz, and centered
at 149, 182 and 216 (±1) MHz (such parameters for Gaussian curve fittings of the 59Co
NMR spectra for all films are listed in Table 5.1). These can be identified as being
attributed to MnSi antisite disorder in the 1NN shell of the Co nuclei, as a similar
spacing was previously reported in bulk Co2Mn1+xSi1−x [100].
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Table 5.1: Summary of parameters used in the Gaussian fitting of 59Co NMR spectra
of all 3 films. The values for the interline spacing and linewidths are approximate
(initially constrained to be equal for all Gaussian lines in fit, allowed to vary slightly
from line to line). The main line in each spectrum is designated with ’*’.
Mn Content (x) Line Centers Interline Spacing Linewidth
(MHz) (MHz) (MHz)
1.12 149*, 182, 215 33 12.5
1.32 150*, 184, 218 34 12.5
0.72 137, 140, 143, 146* 3 2.5
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Figure 5.7: (a) 59Co NMR spectrum of Co2Mn1.12Si0.88 film, fitted with three Gaus-
sians. (b) Bar graph comparison of integrated areas of Gaussians with relative prob-
abilities generated from a binomal model for 12% Mn on Si sites in the first shell of
Co. Inset shows percentage differences between Gaussian fits and binomial models with
other Mn concentrations (z).
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Fig. 5.8, taken from [100], shows the line splitting for such antisites in the 59Co spectrum
(on the left side of the figure). Similar NMR spectra were found also for Fe-rich Co2FeSi-
based thin films [105]. During the fitting procedure, the linewidths were constrained,
so that the average linewidth for all three Gaussians was 12.5±2 MHz. It is thought
that the lines broaden with an increasing number of MnSi antisites in 1NN due to the
greater number of possible higher-shell configurations with a higher local concentration
of antisites. Comparing the integrated areas of the three Gaussian lines with binomial
models with various Mn-Si distributions on 1NN nominal Si sites, a match was found for
12-13 % of Si sites replaced with MnSi antisites, as shown in the bar graph of Fig. 5.7(b).
The inset of Fig. 5.7(b) shows that various values of Mn concentration (z) were inserted
into the model to check for the best matching between probabilities and Gaussian area
percentages, and how it can be concluded using a least-squares method that a model
corresponding to roughly 12% of MnSi best describes the spectrum. Thus, the excess
Mn fills in the vacant Si sites to form the Heusler structure, as one would expect from
former results on similar bulk samples [100].
Figure 5.8: On the left is the 59Co NMR spectrum for a Co2MnSi film with B2
ordering, and on the right is the 55Mn spectrum for the same sample. Figure taken
from [100].
No unambiguous evidence was found to suggest that the CoMn antsites seen in the Mn-
poor film are present in the Mn-rich films, as the lines are broad but very symmetrical
(i.e. without obvious ”shoulders”). This can be seen, e.g., in the nearly perfect Gaussian
fits of Fig. 5.7(a). The broadening of the lines with respect to the Mn-poor film is thought
to be attributed to higher shell (nNN, n ≥2) effects of the MnSi and MnCo antisites not
being negligible, due to the significant difference in transferred hyperfine fields of Mn on
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these other sites with lower or no magnetic moment. The difference in magnetic moment
between Mn and Co is much less than that of Mn and Si, and therefore one would expect
the narrow distribution of hyperfine fields to result in a shoulder (as seen for the α =
0.72 film), rather than distinct, well-separated lines (as seen for the α = 1.12 film).
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Figure 5.9: (a) 55Mn NMR spectrum of the α = 1.12 film, fitted with four broad
Gaussian curves. (b) Showing percentage differences between the integrated Gaussian
areas and binomial models with different concentrations (z) of Mn on Si sites.
The corresponding 55Mn NMR spectrum of the α = 1.12 film is shown in Fig. 5.9(a).
Here four Gaussian lines of width 9.5 MHz, centered at 351, 366, 381, and 396 MHz, fit
the majority of the spectrum. We can assign these lines to the MnSi environments, as
the interline spacing of 15 MHz is the same value previously reported for 55Mn NMR on
Mn-rich Co2MnSi [100]. Returning to Fig. 5.8, the line splitting in the Mn spectrum for
such antisites is shown on the right side of the figure. For the 55Mn nuclei, the spacing
of resonance lines corresponding to environments with different numbers of MnSi is less
than that for 59Co nuclei because the lowest shell that can contain MnSi is the second
nearest-neighboring (2NN) shell of the Mn nuclei (made up of 6 Si atoms), rather than
the 1NN shell as for Co, and thus the transferred fields would be different. Generally,
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the further away from the core nuclei the antisites occur, the less of a shift in transferred
field due to the field’s local nature. Fig. 5.9(b) reveals that the closest match between the
integrated areas of the Gaussian curves and a binomial model of Mn-Si distribution over
the 6 2NN Si sites, corresponds to 9 (±1) % The significant correspondence between the
59Co and 55Mn NMR spectra thus suggests that most or all vacant Si sites are replaced
by the excess Mn in the case of α = 1.12. We have complementary interpretations of
the main features in both the 59Co and 55Mn NMR spectra for both films discussed so
far. Moreover, up until now these results are also consistent with the previous analysis
of similar films in chapter 4.
The 3-Gaussian fit in Fig. 5.7 clearly does not account for the full spectrum; there are
additional ”humps” (or small shoulders) to the left and right of the main line (149 MHz).
It was suggested in a recent publication that, based on formation energies of antisites,
MnSi formation is accompanied by MnCo formation [111]. Thus one could speculate
that a small amount of MnCo could be responsible for these satellite lines appearing off
the left and right shoulders of the main line in Fig. 5.7(a), which are unaccounted for
in the 3-Gaussian fit. The NMR data collected in this study can neither validate nor
discard this assumption, but it is clear that there are MnSi antisites, and so the peak
around 168 MHz is tentatively assigned to the 2NN shells of 59Co nuclei with a minimal
amount of MnCo. The shoulder on the low-frequency side of the main line could also
be from trace amounts of CoMn antisites. This assignment of these shoulders to MnCo
may be also supported by a similar 59Co spectrum for a Co2FeSi thin film shown in
Fig. 1a of [105]. There one finds a similar 3-Gaussian fitting corresponding to FeSi
(analogous to our MnSi), but also with a similar part of the spectrum unaccounted for
in the fitting. Thus, one can speculate that in both cases there may be a small amount
of Mn (Fe) on Co, or else a similar (unknown) secondary phase which forms in films
of both compositions. Likewise, in the 55Mn spectrum there is a shoulder on the low-
frequency side of the main resonance line unaccounted for in the Gaussian fit. This
could be further supporting evidence of MnCo in the 1NN shell of
55Mn nuclei.
SEM images of the Co2Mn1.12Si0.88 bulk sample, zoomed in on two different length scales
in Fig. 5.10, shows that two distinct phases formed during synthesis. Results from EDX
analysis on these areas tell us that the dark regions in the images correspond to the
stoichiometric Heusler phase, i.e. Co2MnSi, whereas the lighter regions were shown to
have a Mn-rich and Co,Si-deficient phase corresponding to Co1.79Mn1.34Si0.87.
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Figure 5.10: SEM images of a polished surface from the interior of a bulk
Co2Mn1.12Si0.88 sample, shown zoomed in to two different length scales.
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Figure 5.11: 59Co NMR spectrum of polycrystalline bulk Co2Mn1.12Si0.88, before
annealing treatment, compared with the corresponding film.
The 59Co NMR spectrum for this bulk compound appears very similar to that of the film
with corresponding stoichiometry, as seen in Fig. 5.11, except that the lines are narrower.
In Fig. 5.10, the darker, Heusler phase appears to be the more abundant phase in the
bulk sample, however one could imagine if the other (Mn-rich, Co,Si-deficient) phase is
more extensive in the film, that would account for the higher concentration of MnCo and
MnSi antisites in the later sample, which would manifest in the broadening of the NMR
spectra of the two Mn-rich films with respect to that of the Mn-deficient film.
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Finally the film with a Mn-rich stoichiometry of α = 1.32, which overcompensates for
the Si-deficiency in these films, will be examined. The 59Co NMR spectrum appears
mostly identical to that of the α = 1.12 film (see Fig. 5.1 for a direct comparison).
Fig. 5.12(a) shows the spectrum fitted with 3 Gaussians, centered at 150, 184 and 218
MHz; all shifted a few MHz higher relative to the respective lines in the α = 1.12 film.
A small, uniform shift of all the lines to higher hyperfine fields could be attributed to
the different stoichiometry, with a higher concentration of magnetic Mn.
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Figure 5.12: (a) 59Co NMR spectrum of Co2Mn1.32Si0.88 film, fitted with three Gaus-
sians similar to the α = 1.12 film. (b) Bar graph comparison of relative areas of inte-
grated solid Gaussians with probabilities generated from a binomial model for 12% Mn
on Si sites in the first shell of Co. Inset shows percentage differences between Gaussian
fits and models with other Mn concentrations (z).
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Applying the same analytical method as for the x = 1.12 film, Fig. 5.12(b) (including the
inset) reveals that the binomial model most closely coinciding with the multiple-Gaussian
fit is again a Mn distribution on Si sites of roughly 12% concentration. Therefore, as
expected, the vacant Si sites are again filled by the excess Mn atoms during deposition.
Regarding the 55Mn NMR spectrum, however, one observes in the comparison figure of
all Mn spectra plotted together in Fig. 5.13, that there are clear differences between the
two Mn-rich films. Using the same fitting scheme as for the Mn spectrum of the α =
1.12 film, the best matching binomial model for MnSi antisites in the 2NN shell turns
out to not be 12%, but roughly 3%. The next prominent feature in the Mn spectrum
for this film is the relatively large peak centered at 315 MHz, which is not seen in the
spectra of the other two films. The spacing of this peak (namely, 36 MHz below the
main line) is too large to be attributed to Si on Co or Mn in the 1NN or 3NN shells,
respectively. The difference in hyperfine field by exchanging a nominal Mn site with Si
in the 3NN shell must be less than the equivalent exchange in the closer 2NN shell, thus
one can rule out SiMn antisites. Similarly the SiCo antisite would be in the 1NN shell,
however the difference in hyperfine field due to one of these antisites would be on the
order of only 5 MHz [100]. The most reasonable explanation for this signal is that it
originates from segregated excess Mn.
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Figure 5.13: Comparison of the 55Mn spectra of all three films, highlighting the α =
1.32 case.
Fig. 5.14 shows the frequency dependence of the so-called optimal power (in dBm)
plotted with the spectrum itself in order to compare a magnetic property between the
anomaly at 315 MHz and the rest of the spectrum. This power is found through the
Chapter 5 Optimal Mn Content for High Magnetoresistance in Heusler Thin Films
Revealed by NMR 77
300 320 340 360 380 400
10
12
14
16
18
20
22
0
2
4
6
8
10
 
O
pt
im
al
 P
ow
er
 (d
B
m
)
Frequency (MHz)
 55
M
n 
S
pi
n 
E
ch
o 
In
te
ns
ity
 (a
rb
. u
ni
ts
)
Figure 5.14: The frequency dependence of the optimal power (in dBm), plotted
together with the spin echo intensity of the spectrum.
enhancement correction of fitting distribution of intensity values for difference pulse
powers with a Gaussian in order to find the power that produces the maximum signal
for a particular frequency (or, equivalently, a particular hyperfine field). Optimal power
is related to the square of the restoring field, which (as explained in the previous chapter,
as well as in [72, 73]) is like a local analogue to macroscopic coercive fields in magnetic
materials, measuring an effective local magnetic stiffness to magnetic oscillations rather
than domain wall motion. If one ignores the noisy oscillations, and solely looks at the
average magnitude of the power, there seems to be a small, but noticeable difference
between the main line and the line around 315 MHz, as seen in Fig. 5.14. The slight
rise in average power for the 315 MHz line might represent a phase with a magnetically
harder character than the L21 and other Heusler phases, though there is still a significant
amount of noise in this data to be completely sure. Thus, though not solid proof, this
observation leads one to suspect that this line could be attributed to a non-Heusler,
secondary phase or to defects, e.g. near the edges of the film. The phase could consist
largely of the excess, segregated Mn speculated on earlier. One group has also recently
proposed the formation of Mn3Si in Co2MnαSiβ with very large α [111], though this
issue is still in a controversial state. Thus, an open question from this study is why α
= 1.29 thin films, when used as electrodes in an MTJ, reportedly exhibited the highest
TMR ratio of all α values studied [68]. According to the measured 59Co NMR spectra,
there were no major differences observed in the local environments, the main features
in the spectra being attributed to excess Mn filling the Si vacancies, i.e. MnSi antisites.
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Finally, another notable difference in the 55Mn NMR spectra between the Mn-rich films
and the Mn-deficient film is the shoulder on the low-frequency side of the main line
observed for the former but not the latter. This may be the signal from MnCo antisites,
already thought to be seen in the 59Co spectra of the Mn-rich films (as discussed above).
The closest shell to Mn nuclei with Co atoms is the 1NN shell, comprised nominally of 8
Co atoms. Mn in adjacent shells are predicted to have a negative coupling, as opposed
to the positive coupling between Mn and Co in neighboring shells [100], and so MnCo
antisites in the 1NN of Mn nuclei should effectively lower the transferred fields. Thus,
spin-echo signals associated with environments containing a distribution of such antisites
should be expected to appear on the low-frequency shoulder of the main line, as seen
for the Mn-rich films in Fig. 5.13.
5.4 Conclusion
NMR spin-echo intensity spectra were measured over a large frequency range that in-
cluded resonance signals from both 59Co and 55Mn nuclei, for Co2MnαSi0.88 thin films
with varying amounts of Mn. MnSi antisites were found in all three films, compensating
for the 12% Si deficiency in the two Mn-rich films (α = 1.12, 1.32), but with only a neg-
ligible amount (1.8%) in the α = 0.72 film. CoMn antisites were additionally identified
in the Mn-deficient film, distributed with a concentration of around 12% of the nominal
Mn sites. Lack of evidence in the spectra of the Mn-rich films for CoMn antisites should
be a contributing factor for higher TMR ratios measured in MTJs composed of elec-
trodes with such Mn-rich stoichiometries. The complementarity of the 59Co and 55Mn
spectra for both the α = 0.72 and 1.12 films support such quantitative conclusions. Both
59Co and 55Mn spectra for the Mn-rich films showed resonance signals which seem to
originate from a certain amount of MnCo antisites in those samples, in addition to the
MnSi antisites. The
55Mn spectrum for the α = 1.32 film revealed that excess Mn did
segregate, and possibly formed a secondary phase, such as (e.g.) the recently-proposed
Mn3Si [111].
6
NMR on Co2Mn1−xFexSi Bulk Crystals and Thin Films
6.1 Introduction
A comparative study is presented here on the structural ordering and magnetization
dynamics for thin films and bulk single crystals of the family of Heusler compounds
with composition Co2Fe1−xMnxSi. The local chemical ordering is studied by 59Co NMR
spectroscopy, while the time-resolved magneto-optical Kerr effect (TR-MOKE) gives ac-
cess to the ultrafast magnetization dynamics. MOKE measurements and analyses were
carried out by Daniel Steil and colleagues at the Technical University of Kaiserslautern,
Germany. Their work will not be discussed in detail here, but general results of the
ultrafast magnetic dynamics as pertains to underlying structure are included for per-
spective on how the underlying structure affects or does not affect such dynamics. In
the NMR study described below, significant differences were found between bulk single
crystals and thin films, both regarding local chemical ordering and stoichiometry.
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6.2 Experimental Methods
59Co NMR spin-echo measurements were performed at a temperature of 5K on both
thin film and bulk samples of Co2FeSi as well as on Co2Mn0.7Fe0.3Si bulk and Co2MnSi
film samples. For quantitative analysis, the spectra were fitted with Gaussians and
compared with random-atom binomial models. For a general review of NMR on Heusler
compounds, see [73]. For details regarding the experimental setup, see §3.1, and see §4.2
for a reminder of the binomial model if necessary.
Films of Co2FeSi and Co2MnSi (with nominal composition) were deposited using magnetron-
sputtering (see Appendix A.3), with stack compositions of Ta(3nm) / Co2FeSi(40nm)
/ Cr(40nm) and Ta(2nm) / Co2MnSi(30nm) / Cr(40nm) on a substrate of MgO(001).
The films were deposited at room temperature, and afterwards annealed at 500◦C.
Single crystals of Co2FeSi and Co2Mn0.7Fe0.3Si were grown using the floating zone tech-
nique (see [118] for details, but a general description of the method is given in appendix
A.2). A vertical two-mirror Smart Floating Zone facility was used for the growth pro-
cess, designed and built at the IFW in Dresden, Germany [119]. All growth experiments
were carried out under a constant flow of argon and using an additional Ti-getter fur-
nace to minimize chances of oxidation. Growth speeds used were 10 mm/hour with
counter-rotation of feed and seed rods.
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6.3 Co2FeSi
Beginning with the Co2FeSi system, the
59Co spectra for both the thin film and bulk
samples are plotted together in Fig. 6.1. For the bulk sample (triangles in Fig. 6.1),
the spectrum consists of a single main line, centered at 143 MHz, corresponding to a
single first nearest-neighboring (1NN shell) environment, namely the fully-ordered L21
structure, but with a very broad linewidth of about 10 MHz. The fact that the saturated
magnetic moment of the bulk sample was measured to be only 5.52 µB per formula unit
(f.u.), notably less than the Slater-Pauling value of 6 µB/f.u., indicates a deviation in the
atomic ordering from complete L21. Indeed, this may account for the relatively broad
line, with the center shifted 4 MHz higher than its usual position in fully-ordered Co2FeSi
(which is 139 MHz [103], and shown as the solid curve in Fig. 6.1). Energy dispersive
X-ray (EDX) measurement revealed a single, pure stoichiometric phase, suggesting a
low degree of order as the source of line shift and broadening, rather than different
chemical phases; please note that the crystal was not post-growth annealed, which is
usually necessary in order to establish the typically high degree of order in Co2FeSi bulk
samples.
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Figure 6.1: 59Co NMR spectra for Co2FeSi bulk (triangles) and thin film (spheres)
samples, measured at 5K. The solid (dark gray) line shows the spectrum of a highly-
ordered bulk sample (from another study) for comparison.
Typical types of structural order that deviate from L21 (i.e., B2, DO3 and A2) can be
discarded from consideration, as the shape and linewidth do not coincide with those
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expected for materials with the aforementioned structural types (see e.g. [73, 102, 103,
118, 120]). Although, for the reasons just mentioned, significant amounts of such dis-
orders are not present in the sample, trace amounts (e.g., less than a percent) of these
disorders (or other defects) might be resolved in a sensitive method like NMR, as they
may manifest in the form of line broadening, which will be outlined now.
Considering atomic shells with increasing distance from the Co nuclei, the number of
sites in each consecutive shell also increases monotonically. This increases the probability
for local antisite defects with increasing shell number, for a given antisite concentration.
However, in general, the shift in hyperfine fine, due to the change in transferred field
from a given antisite, would decrease with increasing distance from the 59Co nucleus.
This is a result of the nature of hyperfine fields and proves why NMR is such an excellent
technique for probing local fields. The different possible higher-shell environments would
greatly overlap due to the small field shifts between them, and cause the resonance line
corresponding to a specific 1NN shell environment to broaden (i.e., rather than split,
as would be the case for defect formation in closer shells). Therefore, the broadness
of the single main line (only slightly shifted to higher frequency than expected for L21
order), with an asymmetry on the high-frequency side (but no other lines seen in the
spectrum), can only be attributed to the overlapping of sub-lines of environments with an
L21-ordered 1NN shell, but with higher shells containing a small distribution of antisite
defects.
The degree of order is much higher in the bulk than in the thin film, as outlined in the
following: in the spectrum for the Co2FeSi film (spheres in Fig. 6.1), the main features
are two very broad lines separated by about 35 MHz, corresponding to a hyperfine field
difference of about 3.5 T, with the main (L21) line centered at 157 MHz. The large
difference in hyperfine field between these peaks indicates the presence of some amount
of intermixing of Fe and Si (B2 disorder) in this particular film [105]. Resonance lines
appearing on the low-frequency side of the main (L21) line correspond to Si located on
nominal Fe sites, and similar lines on the high-frequency side correspond to Fe located
on nominal Si sites. Thus, the satellite peak at 123 MHz can be attributed to a single
replacement of an Fe site by Si (i.e., an FeSi antisite) in the 1NN shell, so that the shell’s
composition becomes 5Si+3Fe (instead of the nominal 4Si+4Fe). The broad resonance
lines were fitted with two Gaussians of equal width (18 MHz). The 14 MHz shift of the
main line from its position in fully-ordered L21 structure to higher frequency, indicates
Chapter 6 NMR on Co2Mn1−xFexSi Bulk Crystals and Thin Films 83
that there is some amount of Fe enrichment over Si content, and with the assumption of
a linear relation between the frequency shift and the Fe excess [103, 105, 120], this shift
would correspond to 17 % of Fe excess at the deficit of Si. Additional resonance lines on
the high frequency side of the main line, corresponding to Fe sitting on nominal Si sites,
should thus be expected, which cause the shift in the main line as well due to disorder in
higher shells. This can not be explicitly shown here, as the rest of the spectrum could not
be measured on the film due to it’s thinness; a spin-echo signal from such a small number
of nuclei could not be found and isolated from intrinsic spectrometer noise. However,
there is enough evidence in this spectrum to conclude that an off-stoichiometry between
Fe and Si exists, with excess Fe at the cost of Si (i.e., Co2Fe1+xSi1−x), and because of the
line at 123 MHz, the film must also contain some amount of B2 order, or random mixing
of the Fe and Si on their sublattices. This result is not especially surprising, as nominal
Co2FeSi films have been plagued by such Fe-rich off-stoichiometry on several occasions,
according to previous reports by various groups (see e.g., [103, 105]). The combination
of lower order and likely off-stoichiometry present in the film elucidate why its measured
magnetic moment of 4.1 µB/f.u. is so low; even lower than the bulk Co2FeSi which is
also not optimally ordered. This magnetic property result, along with the comparison
of the NMR spectra, indicate that the bulk crystal is considerably higher ordered (i.e.,
closer to the ideal L21 structure) than the film.
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6.4 Co2Mn1−xFexSi (x = 0, 0.3)
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Figure 6.2: 59Co NMR spectra of Co2Mn1−xFexSi bulk and thin film, both measured
at 5K. (Inset) A comparison of spectra with a bulk sample with optimal amount of
pure L21 structure.
The 59Co NMR spectra of both the Co2Mn0.7Fe0.3Si bulk and Co2MnSi thin film samples
are displayed together in Fig. 6.2. For the bulk crystal (open circles), one notices a
splitting into four lines, with large overlap at the bases. The spectrum is fitted with four
Gaussian curves, all of width 16.7 MHz and with an average spacing of 15.5 MHz, as
shown in Fig. 6.3(a). This line splitting corresponds to a partial substitution of Mn on
nominal Fe sites (i.e., MnFe antisites) and their random distribution among the lattice
(for the corresponding 55Mn NMR data, see [120]). The magnetic moment, measured
with a SQUID at 5 K, is 5.3 µB/f.u. in agreement with the Slater-Pauling value for
Co2Mn0.7Fe0.3Si bulk [97]. Comparing the integrated Gaussian curves with a binomial
model, the optimal fit corresponded to an Fe concentration of 30% on the nominal Mn
sites, as displayed in Fig. 6.3(b). This value is in line with that obtained from 55Mn
NMR analysis ([120]) and results from compositional analysis using an SEM with EDX.
Thus, the Co and Mn spectra can be solely explained by a random distribution of 70%
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Mn and 30% Fe on the Y sites; no other form of disorder need be invoked. This attests
to the high structural order in this bulk crystal.
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Figure 6.3: (a) The 59Co NMR spectrum of Co2Mn1−xFexSi bulk sample fitted with
four Gaussians, (b) shows a comparison between the relative areas under the Gaussian
lines and a binomial model with concentration of Fe on Mn sites of x = 0.3, and (c)
shows that x = 0.3 appears to be the concentration of the model which most closely
matches the fitting of the spectrum.
The resonance lines of the 59Co spectrum for the Co2MnSi (x = 0) film (spheres in
Fig. 6.2) indicate a B2-like order with Mn and Si intermixed on their nominal sites. The
main peak around 146 MHz corresponds with that of a pure L21 crystal (squares with
line in the inset of Fig. 6.2), indicating that the film is stoichiometric and that there is
a mixture of B2 and L21, but, for the same reason as in the Co2FeSi film case, more
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of the spectrum could not be measured. Fitting the two lines with Gaussians revealed
linewidths of only 5.8 MHz, and interline spacing of 24 MHz, consistent with classic
B2 ordering. Since the full spectrum could not be measured, the B2 contribution was
estimated in the following manner: the integrated areas of the Gaussians of both lines
were compared with a binomial model corresponding to B2 ordering (for details, see
e.g. [28]). The relative probabilities from this model were weighted, taking into account
that only two lines (out of the expected nine) could be measured, and compared these
with the relative contributions of the Gaussians fitted to the NMR spectrum. As a very
rough estimation, this gives about a 30% B2 order contribution.
6.5 Conclusion
In ultrafast dynamics on the sub-picosecond (ps) timescale, no difference was found in
the comparative study between thin films and bulk single crystals of the Co2Mn1−xFexSi
Heusler family. However, examining the dynamics within the 1-100 ps range, very
small but non-negligible differences did appear in the magnetization recovery strength.
The thin films exhibited slightly faster remagnetization than the bulk samples on the
timescale up to 15 ps. This is in line with the NMR results, which showed a higher
divergence from ideal L21 structure in the films (partially containing other structure
types and/or antisite defects), which would cause stronger spin-flip scattering and hence
quicker re-magnetization rates. On longer timescales (i.e., >15 ps), heat diffusion
plays the dominant role, and the thick single crystals show accordingly a faster re-
magnetization than the thin films.
7
Specific Heat of Heusler Compounds
In this chapter the results from an extensive survey of the specific heat of 10 selected
ternary and quaternary Co-based Heusler compounds are described and summarized.
Such a systematic study of the Sommerfeld coefficients1 of bulk Heusler compounds,
to the best of my knowledge, has not appeared in literature to date, though there
have been a few studies of specific heat on selected Co2-based Heusler compounds (e.g.,
[121, 122]). One of the main motivations for this investigation was to check the power
of band structure calculational methods for calculating physical properties for specific
Heusler compounds by comparing with the corresponding parameters actually measured
in real bulk samples.
First, in §7.1 the results of the analysis on Co2FeSi will be described as an exemplary
case to illustrate the analytical procedure carried out for all compounds investigated
in this study. In §7.2, plots of data resulting from all specific heat and supplementary
magnetization measurements done on all other compounds are presented. Then, in §7.3
there are tables summarizing various measured physical property parameters resulting
from this study, alongside corresponding calculated theoretical values. Where possible,
previously reported values from literature have been included in these tables. General
concluding remarks about this study of thermal and magnetic properties of Co2-based
Heusler compounds are discussed at the end.
The crystals were grown using a floating zone (FZ) furnace, which uses two large mirrors
to focus high intensity light at a melting zone, and a polycrystalline seed and feed rod
1Sommerfeld coefficients are also referred to as ’gamma values’ in the literature, as this Greek letter
is conventionally used to denote the coefficient of the electronic component of specific heat (i.e., Cel =
γT).
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assembly is slowly pulled through this region [118, 123, 124] (see A.2 for a brief but
more detailed description). Experiments for obtaining values of coefficients of electronic
and lattice specific heats were performed following the procedure outlined in §2.2 and
§3.2. The magnetic hysteresis (M-H) and thermomagnetization (M-T) experiments were
carried out using a SQUID magnetometer, as described in §3.3, and §2.3 explains how
one finds the low-temperature spin-wave stiffness (D) and subsequently the magnon
coefficient for specific heat (α). The systematic study of α is an important aspect in
the search for ideal HMF candidates, because it has been shown that thermally-excited
magnons affect the temperature dependence of spin polarization [86, 125]. The Slater-
Pauling (SP) values of saturation magnetic moment originate from the SP rule, which
was presented in §1.3. All theoretical values for the electronic specific heat coefficient
were calculated by Jan Trinckauf using LSDA(+U) methods [126] of density functional
theory, important details of which are clarified in Appendix C.
The list of compounds includes many whose physical properties, besides specific heat,
have already been extensively characterized. For instance, Co2FeSi, Co2FeAl and Co2MnSi
all have both high Curie temperatures and high magnetic moments [96, 99]. On the other
hand Co2TiGa is a weak itinerant ferromagnet [127] which has a Curie temperature be-
low room temperature.
Co2Mn0.5Fe0.5Si is a quaternary Heusler compound of considerable recent interest since
it is predicted to have a more robust half-metallicity (i.e., 100% spin polarization of
electrons) than in either Co2MnSi or Co2FeSi. This is because the Fermi level has been
predicted to be situated close to the center of the minority-spin band gap, whereas it lies
closer to the valence and conduction bands in the other two ternary compounds [128].
Co2FeAl0.5Si0.5 is another attractive quaternary compound by the same argument, only
the random mixing takes place on the Z position instead of the Y. Nevertheless, the
reduction in D for Co2FeAl0.5Si0.5 may be attributed to the large percentage of B2
phase which, through NMR studies, has been found to endure even after post-annealing
processes [129] whereas a similar NMR investigation of Co2Mn0.5Fe0.5Si has shown that
this compound is virtually pure L21-phase, with Mn and Fe randomly distributed over
a single lattice site [120].
Co2Cr0.6Fe0.4Al (often abbreviated in literature to CCFA) has been a Heusler compound
of particular interest in the research community because it’s supposed to have one of
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the most stable spin polarizations among the whole Co2Cr1−xFexAl series [130], and is
predicted to be a HMF with the EF close to a Van Hove singularity
2 in the majority
spin band DOS [130, 132]. Obtaining phase-pure, single crystals of Cr-rich stoichiome-
tries has proven to be a challenging task for crystal growers, due to their thermodynamic
phase diagrams which indicate that these alloys are incongruently melting systems. This
means that the composition of the final grown crystal is not the same as that of the
starting materials. Recently, in fact, it has been revealed in one study that it is not pos-
sible to obtain nominate CCFA as a single phase even using the FZ method (the current
optimal growth method for incongruently melting systems), due to a thermodynamic
instability which leads to a phase transformation through so-called spinodal decompo-
sition [133]. This accounts for why predicted physical properties could not be realized.
However, when the stoichiometry is tweaked just slightly to the Al-richer and Cr-poorer
Co2Cr0.4Fe0.4Al1.2 composition, it has been found that spinodal decomposition can be
avoided by moving in the thermodynamic phase diagram away from the solid state im-
miscibility gap [134]. Here I will investigate and compare the physical properties of the
Al-rich stoichiometric compound with the nominate CCFA.
Co2NbSn is interesting among Co2-based Heuslers as it is a shape memory alloy (SMA)
[135, 136], which has an electronic band structure similar to Ni2MnGa [137], the SMA
most intensively studied to date [138–140]. There is a structural phase transition in
the range TS ∼ 200-250 K, and a ferromagnetic phase transition below that at TC ∼
100-120 K. Despite the extensive studies on this compound, the low-temperature specific
heat has not previously been analyzed in such a detailed manner.
7.1 Example Model of Analysis: Co2FeSi
Co2FeSi is a popular Heusler compound because of its favorable features for spintronic
applications, such as highest Curie temperature (1100K) and highest magnetic moment
(6 µB/f.u.) of any Heusler compound [99]. As such, many of its electronic and magnetic
properties have already been characterized quite extensively (c.f. [28, 99]).
We begin the typical analysis with magnetic measurements. Fig. 7.1(a) shows the M-H
magnetic hysteresis curve for Co2FeSi, measured at both 5 K and room temperature
2a non-smooth point (usually a local maximum) in the density of states distribution [131].
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Figure 7.1: (a) Magnetic hysteresis loops for Co2FeSi measured at 5 and 300 K, with
corresponding saturation magnetic moments. (b) Thermomagnetization measured in
15 kOe field. The inset displays linear fit for the low-temperature spin-wave stiffness.
Note: the kink around 45 K is an artifact from measurement setup, and not a genuine
feature of the thermomagnetization for this compound.
(300 K). Both the SP value for magnetic moment (6 µB) and high Curie temperature
(1100 K) have been measured in a real single crystal before [99]. However for the single
crystal used in this study, the maximum saturated magnetic moment observed is only
5.63 µB/f.u. at 5 K, which indicates that this sample’s underlying structure deviated
from 100% L21 ordering. Fig. 7.1(b) presents the thermomagnetization (M-T) curve
measured in an applied field of 15 kOe. According to Eq. 2.26, linear fitting of the low
temperature part of this curve in the form of 1-(MS(T)/MS(0)) vs. T
3/2, as shown in
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the lower left inset of Fig. 7.1(b), will allow one to extract the slope which is the δ in
Bloch’s law. This value is found to be 5.69x10−6 K−3/2 for this sample. Then using
Eq. 2.27, and the bulk lattice constant of 5.64A˚ [99], the spin-wave stiffness is found
to be D = 2.58 meV·nm2. This turns out to be quite similar to the value reported
for polycrystalline bulk Co2FeSi of 2.28 meV·nm2 [141], but (like the polycrystalline
specimen) there is quite a large difference from the value measured in a thin film of
7.2(2) meV·nm2 using BLS [142]. This is understandable in view of the difference in
ordering in bulk and thin film samples; the bulk samples having a higher percentage of
secondary ordered phases besides the L21, most likely B2.
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Figure 7.2: Specific heat of Co2FeSi. Inset shows the extracted Sommerfeld (γ) and
Debye (β) constants from low-temperature linear, least-squares fitting.
The specific heat of Co2FeSi is shown in Fig. 7.2. Through XRD and EDX spectroscopies,
carried out by C. G. F. Blum and A. Omar, the sample was found to be comprised of
mostly L21 order and stoichiometric. The low-temperature, least-squares linear fitting
of C/T vs. T2, taken between 2 and 10 K, can be found in the inset of Fig. 7.2, where
the Sommerfeld coefficient (γ) and the Debye coefficient (β) extracted from the fit are
also shown. For this compound we have γ = 7.31 mJ/mol·K2 and β = 0.054 mJ/mol·K4,
the latter giving a Debye temperature ΘD = 330 K through Eq. 2.15. The theoretical
value calculated using LSDA+U was only 1.35 mJ/mol·K2, while at the other extreme
when using just LSDA (i.e. no strong correlations), a value of 11.39 mJ/mol·K2 results.
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The U was used in the LSDA calculations for Fe-containing compounds to account for
the strong correlation of Fe’s 3d orbitals.
2 3 4 5 6 7 8 9 10 11
0.02
0.04
0.06
0.08
0.10
0.12
0.14
 measurement 
 least-squares fit
Cp = 'T + T
3/2 + T3
' = 7.12 mJ/mol-K2
= 0.064 mJ/mol-K5/2
 = 0.054 mJ/mol-K4
 
 
C
p (
J/
m
ol
e-
K
)
Temperature (K)
Figure 7.3: Specific heat at low temperature, refitted including a magnonic contribu-
tion resulting in a new Sommerfeld constant.
Using the spin-wave stiffness evaluated from thermomagnetization, and Eq. 2.21, the
magnonic specific heat coefficient (α) was calculated to be 0.064 mJ/mol·K5/2. The
magnonic specific heat contributions are expected to be quite small; small enough that
it is extremely difficult to extract the coefficients from a least-squares fitting. This is why
I’ve tried to find them via spin-wave stiffness and plug them into the fitting to see how it
improves the fitting and/or changed the Sommerfeld coefficient. But due to the difficulty
in directly measuring α, values are practically nonexistent in the literature with which
to compare ours. For example, in one of the most comprehensive specific heat studies
on Heusler compounds, Umetsu et al. did not use a magnon term in fitting their specific
heat for lattice and electronic contributions, claiming simply that their Sommerfeld co-
efficients were higher than their theoretically-predicted values because the experimental
values ”included magnetic contributions such as spin fluctuations” [121]. However, com-
paring to values reported in other metallic ferromagnets (iron-based tungsten alloys)
which were in the range of 0.02 - 0.15 mJ/mol·K5/2, the values obtained for the com-
pounds in this study at least have the correct order of magnitude [143]. So when this
value is inserted into a least-squares regression fit of the low-temperature specific heat
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using Eq. 2.22, the new Sommerfeld coefficient when the specific heat includes magnonic
contributions (γ′) turns out to be 7.12 ± 0.01 mJ/mol·K2; a negligibly small reduction by
only 0.02 mJ/mol·K2, which moreover approaches the error bar. Therefore the inclusion
of a magnonic contribution to the specific heat does not seem to affect the Sommerfeld
coefficient in a Co2FeSi bulk crystal, as expected by arguments in previous studies found
in the Heusler literature (e.g., [121]). The difference between the calculated and mea-
sured γ values may be related to the reduced magnetic moment in this sample compared
to the Slater-Pauling value. Just as the 7.12 mJ/mol·K2 measured is roughly the average
of the LSDA and LSDA+U calculations (11.36 and 1.35 mJ/mol·K2, respectively), the
measured magnetic moment of 5.63 µB/f.u. is very close to the average of the magnetic
moments resulting from those calculations of 5.28 (LSDA) and 6 (LSDA+U). This is
not surprising as different orderings within the crystal structure can affect (strongly or
weakly) both the magnetic moment and the electronic band structure, and thus the
Sommerfeld coefficient. For Co2FeSi, first-principles density functional theory within
the GGA(+U) schemes predict strong degradation in both spin polarization and mag-
netic moment with Fe-Co antisite disorder, whereas Fe-Si disorder hardly affects these
properties [144]. Thus we can speculate that the measured sample had partial Co-Fe
antisite disorder, because that would explain why both the saturated magnetic moment
and the Sommerfeld coefficient were reduced. This sample also happens to be the same
as that used in the study presented in chapter 6. There the 59Co NMR spectrum showed
a broad line with a shoulder on the high-frequency side, indicating a high degree of L21
order, with smaller contributions from higher-shell disorder, such as Co-Fe antisites.
94 Chapter 7 Specific Heat of Heusler Compounds
7.2 Graphs of Measured Data
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Figure 7.4: (a) Magnetic hysteresis loops of Co2FeAl measured at 5 and 300 K, with
corresponding saturation magnetic moments. (b) Thermomagnetization measured in
15 kOe field, with inset displaying the linear fit for the low-temperature spin-wave
stiffness.
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Figure 7.7: (a) Magnetic hysteresis loop at 5 K, and (b) thermomagnetization for
Co2FeAl0.5Si0.5. Inset of (b) plots the Bloch law fit for calculating the spin-wave stiff-
ness.
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Figure 7.10: (a) Magnetic hysteresis loop at 5 and 300 K for a Co2MnSi bulk crystal,
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Bloch law fit for calculating the spin-wave stiffness.
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Figure 7.13: (a) Magnetic hysteresis loops at 5 K of a polycrystalline sample of
Co2Mn0.5Fe0.5Si, measured before (as-cast) and after annealing (anneal), and (b) the
thermomagnetization, with low-temperature spin-wave stiffness fitting (inset).
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Figure 7.15: Low-temperature specific heat of Co2Mn0.5Fe0.5Si, refitted including a
magnonic contribution resulting in a new electronic specific heat constant.
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Figure 7.16: (a) Magnetic hysteresis loop at 5 K for Co2MnGe. (b) Thermomag-
netization with the Bloch law fit for calculating the spin-wave stiffness shown in the
inset.
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Figure 7.18: Low-temperature specific heat of Co2MnGe, refitted with a spin-wave
component resulting in a new electronic specific heat constant.
104 Chapter 7 Specific Heat of Heusler Compounds
0 50 100 150 200 250 300
2.85
2.90
2.95
3.00
3.05
3.10
20 30 40 50 60 70 80 90
0.0
0.2
0.4
0.6
0.8
1.0
1.2
-4
-3
-2
-1
0
1
2
3
4
-15 -10 -5 0 5 10 15
H = 15 kOe(b)
 
 
M
ag
ne
tic
 M
om
en
t (
B
/fu
)
Temperature (K)
Bloch Fit for Spin-wave Stiffness (D)
slope) = 15.63 x 10-6 K-3/2
D = 2.028 meV nm
2
[ 1
 - 
M
S
(T
) /
 M
S
(5
K
) ]
 x
 1
00
0
 T3/2 (K3/2)
(a) Co
2
Cr
0.6
Fe
0.4
Al
MS(5K) = 3.1 B/fu 
 
 
 Applied Field (kOe)
M
ag
ne
tic
 M
om
en
t (
B
Figure 7.19: (a) Magnetic hysteresis loop at 5 K for Co2Cr0.6Fe0.4Al, and (b) the
thermomagnetization in 15 kOe applied field, with low-temperature spin-wave stiffness
fitting (inset).
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Figure 7.20: Specific heat of Co2Cr0.6Fe0.4Al, with linear fit to find γ and β shown
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Figure 7.21: Low-temperature specific heat of Co2Cr0.6Fe0.4Al, refitted with a
magnonic contribution resulting in a new Sommerfeld constant.
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Figure 7.22: (a) Magnetic hysteresis loop at 5 K for Co2Cr0.4Fe0.4Al1.2, and (b) the
thermomagnetization in 20 kOe applied field, with low-temperature spin-wave stiffness
fitting (inset).
Chapter 7 Specific Heat of Heusler Compounds 107
0 50 100 150 200 250
0
20
40
60
80
100
0.010
0.011
0.012
0.013
0.014
0.015
0.016
0.017
0.018
0 20 40 60 80 100
Co2Cr0.4Fe0.4Al1.2 
ZFC
 
  
 
C
p (
J/
m
ol
e-
K
)
Temperature (K)
Cp = T + T
3
 = 10.37 mJ/mol-K2
 = 0.070 mJ/mol-K4
 
 T2 (K2)
C
p/T
 (J
/m
ol
e-
K
Figure 7.23: Specific heat of Co2Cr0.4Fe0.4Al1.2, with linear fit to find γ and β shown
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Figure 7.24: Low-temperature specific heat of Co2Cr0.4Fe0.4Al1.2, refitted with a
magnonic contribution resulting in a new Sommerfeld constant.
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Figure 7.25: (a) Specific heat of Co2NbSn showing the signature of a structural
transition at TS = 226 K, and (b) thermomagnetization and a Curie-Weiss fit (inset)
of the inverse susceptibility. Also in the inset once notices a clear slope change around
200 K, just below TS .
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Figure 7.26: (a) Magnetic hysteresis loop at 5 K for Co2NbSn, and (b) the thermo-
magnetization curve measured in a field of 15kOe, from which the low-temperature D
can be fitted (inset).
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with the extracted values of the electronic and lattice specific heat coefficients.
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Figure 7.29: Ferromagnetic phase transition temperature of Co2TiGa determined by
(a) thermomagnetization and a Curie-Weiss fit of the inverse susceptibility (inset), and
(b) specific heat with an entropy conserving construction (inset).
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Figure 7.30: (a) Magnetic hysteresis loop at 5 K for Co2TiGa, and (b) the thermo-
magnetization in 15 kOe applied field, with low-temperature spin-wave stiffness fitting
(inset).
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2, along with the extracted values
of the electronic and lattice specific heat coefficients for Co2TiGa.
2 4 6 8 10 12
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
Co2TiGa
' = 2.44 mJ/mol-K2
= 0.266 mJ/mol-K5/2
 = 0.109 mJ/mol-K4  
 
C
p (
J/
m
ol
e-
K
)
Figure 7.32: Low-temperature specific heat of Co2TiGa, refitted with a magnonic
contribution resulting in a new Sommerfeld constant.
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7.3 Discussions of Results
7.3.1 Magnetization and Spin Wave Stiffness
Table 7.1 summarizes, for all Heusler compounds investigated, the saturated magnetic
moments extracted from experiments (MS
exp), saturated magnetic moments previously
reported in the literature (MS
ref ), and the theoretical Slater-Pauling values (MSP )
calculated using Eq. 1.7, along with the spin-wave stiffnesses extracted from the ther-
momagnetization curves (Dexp), and those found in referenced work (Dref ).
A comparison of MS
exp with MSP is shown in Fig. 7.33. The dotted gray line represents
MS
exp = MSP , and so the near coincidence of most of the compounds with this line
illustrates the closeness of the measured magnetic moments with the predicted Slater-
Pauling values. Notable deviations occur for Co2FeSi, Co2Cr0.6Fe0.4Al and especially for
Co2NbSn. The significant deviation for the latter compound should be understandable
on the basis that the Slater-Pauling rule probably is different for Co2NbSn for having
an orthorhombic rather than a fcc phase at low temperatures. Among the two Co-Cr-
Fe-Al quaternaries, Co2Cr0.4Fe0.4Al1.2 has a saturation moment clearly much closer to
that predicted by the Slater-Pauling rule, which is indirect evidence supporting that the
underlying crystal microstructure has more of a pure phase than stoichiometric CCFA
[134], the latter of which was shown to crystallize after floating-zone growth into a
spinodal decomposition of hcp epsilon Co and B2 phases [133].
Umetsu et al. have previously reported D values for a variety of polycrystalline bulk
Heusler compounds Co2Y Z (Y = Cr, Mn, and Fe, Z = Ga, Al, and Si) [141]. The spin-
wave stiffness constants of several other cobalt based Heusler compounds have been
previously investigated, including Co2FeGa polycrystalline bulk [145], Co2MnSi single
crystal [91], Co2MnSi film [90, 146], Co2Cr0.6Fe0.4Al film [146], Co2MnGe film [147], and
Co2FeSi film [142]. Numerous methods for obtaining D were used in the aforementioned
studies, including thermomagnetization [91, 141, 145], ferromagnetic resonance [146,
147], and Brillouin light scattering (BLS) spectroscopy for thin films [90, 142, 147].
One trend noticed in comparing D values was that BLS values, where available, were
generally (in all but one compound) larger than the thermomagnetization values, though
not by a specific constant factor.
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Figure 7.33: Comparison of the saturated magnetic moments at T = 5K (y-axis) to
the Slater-Pauling values (x-axis). Units for magnetic moment here are Bohr magnetons
per formula unit (µB / f.u.).
Here the main result (summed up in the last two columns of Table 7.1) is that, for those
compositions where D values of bulk material are recorded in the literature, there is
generally a resemblance with the values measured on the samples in the present work.
For CCFA (Co2Cr0.6Fe0.4Al) there was even exact agreement (rounding to the second
decimal place).
Co2Mn0.5Fe0.5Si has a relatively large D
exp compared with the other compounds studied
here, and this is perhaps due to the EF being located in the middle of the gap, as
predicted. By the same reasoning, it is also not surprising that Co2FeAl0.5Si0.5 has a
similarly large Dexp.
Fig. 7.34 illustrates that there is a general relation between spin-wave stiffness and
magnetic moment, both in theory and in experiment, i.e. when one increases the other
does also (albeit with some fluctuations). Because Dexp also depends on underlying
crystalline order (in addition to magnetic moment, TC , and valence electron count),
if all samples exhibited ideal L21 configurations we can assume the plotted results in
Fig. 7.34 would have a more linear relation. A linear relationship between D and TC
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(and thus also, one should expect, between D and magnetic moment) has been reported
for selected Heusler compounds (e.g., Co2CrGa, Co2MnGa, and Co2Mn(Ga1−xSix)), but
not for Co2FeZ compounds [141]. The fluctuations may be partially due to the fact that
even relatively small amounts of antisite disorder in some of the samples may strongly
affect the spin polarization, and thus also the spin-wave stiffness. This is known to be
especially true in the case of Co antisites in Co2MnZ Heusler compounds [60, 62, 64, 110],
as has been discussed in Chapters 4 and 5 with regards to the CMS thin film studies of
Co antisites affecting TMR and GMR ratios in spintronic devices. However, for most
compounds there is an inverse relationship between the difference in experimental and
predicted SP saturation magnetic moments (∆MS = |MSexp −MSSP | ) and the spin-
wave stiffness D, i.e. there is generally larger D in those samples with magnetization
closer to the SP value (and thus with less antisite-like disorders or other defects).
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Figure 7.34: Plot of the both the predicted (Slater-Pauling) values for magnetic
moment and the experimentally-measured saturated moment (measured at T = 5K)
versus spin-wave stiffness Dexp.
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7.3.2 Lattice and Electronic Specific Heat
Table 7.2 displays the collective results from the specific heat experiments on the selected
Co2-based Heusler compounds. Theoretical Sommerfeld coefficients (γ
cal) were obtained
via the density of states at the Fermi edge (DOS(EF )), calculated by Jan Trinckauf
using LSDA for all compounds, LSDA+U (marked with *) additionally for Y = Fe
compounds, and Virtual Crystal Approximation (VCA, marked with †) and Coherent
Potential Approximation (CPA, marked with ‡) were applied to quaternary compositions
which involve random mixing on a single crystallographic site. Details of how the LSDA
bandstructure calculations were performed in order to obtain Sommerfeld coefficients
for the selected compounds in this study are briefly covered in Appendix C.
The next two columns to the right are the experimental Sommerfeld (γ) and Debye (β)
constants, which correspond to the coefficients from the low-temperature specific heat
fits (shown in §7.1-7.2) using the conventional fitting equation for metallic materials:
c = γT + βT 3. In the final column are the corresponding Debye temperatures (ΘD)
calculated from the Debye constants.
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Figure 7.35: Comparison of experimental and calculated Sommerfeld coefficients
(γexp vs. γcal ), illustrating the deviation between these two values for most of the
compounds examined.
It can be clearly seen in Fig. 7.35 that, in general, there is at best minimal agreement
between γcal and γexp. For Co2FeAl1−xSix compounds, whether or not a U term was
added to the LSDA calculations made a larger difference with increasing amount of Si
(x). It appears that the highest consistency between theory and experiment was found
in CFAS (Co2FeAl0.5Si0.5) and CMFS (Co2Mn0.5Fe0.5Si ), where random site mixing has
been included into the band structure calculations of both (VCA and CPA, respectively).
In fact, for CFAS (LSDA (U = 0) + VCA), one can see that γexp ∼ γcal. A final note
here, perhaps of interest, is that γexp for Co2FeSi is roughly the mean average of the
two γcal values for that compound.
In 60% of the compositions, γexp is greater than γcal. This result was expected; it is
thought that the experimental value is generally greater because it includes magnonic
contributions (e.g., spin fluctuations) [121] which, in ferromagnetic materials, has a
temperature dependence too similar to that of the electronic contribution (namely,
cFM ∝ T 3/2), and so cannot reliably be separated from the Sommerfeld coefficient
in a low-temperature specific heat fitting for a metallic ferromagnet. This observation
motivated the study of spin-wave stiffness in this work, for by adding into the fit the
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spin-wave contribution to the specific heat (calculated from the spin-wave stiffness using
Eq. 2.21), these high Sommerfeld coefficients might be lowered closer to their theoreti-
cally predicted values. As will be shown in the next section, this basically turns out not
to be the case, as reductions in Sommerfeld coefficients appear negligible at best.
As for the Debye coefficients (β), and corresponding low-temperature Debye tempera-
tures (ΘD), there is considerable agreement among most compounds (especially within
the Co2FeAl1−xSix series), as should be expected considering the similarity in structures,
both crystalline and electronic, among these compounds. Co2MnGe and Co2TiGa have
very similar Debye temperatures, but both are noticeably lower than the others, and
the low-temperature orthorhombic phase of Co2NbSn has a much lower ΘD, due to its
structural softness compared with its high-temperature cubic phase. Excluding the last
three compounds mentioned, the mean Debye temperature turns out to be 〈ΘD〉 = 330
(±27) K, which is slightly lower than reported values for Heusler compounds, which
have been in the high 300 to low 400 K range [121, 122].
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7.3.3 Magnonic Specific Heat
In fully-ordered L21 Co2-based Heusler compounds which are predicted to be HMFs,
one would expect spin fluctuations to be small, both due to the high Curie temperatures
and the half-metallic nature of the DOS(EF ) with the Fermi level passing through the
center of the band gap for electrons of one spin polarization [156]. The experimental
results presented in this chapter, along with the corresponding theoretical calculations,
shed some light on the question whether this was indeed the case for real bulk materials.
The first column in Table 7.3 lists the coefficient of the magnonic contribution to the
specific heat (α), which was calculated from the spin-wave stiffness constant for the
specific materials. These values were fixed into least-squares fittings of specific heat,
according to the equation for itinerant (metallic) ferromagnets at low temperatures:
c = γ′T + αT 3/2 + βT 3. Here γ′ refers to the new Sommerfeld coefficients (taking α
into account) , and γ◦ refers to the previous values from Table 7.2 (where a magnonic
contribution was ignored).
As can be seen by comparing the second and fourth columns in Table 7.3, and also
by looking at Fig. 7.36, overall there is little decrease in the Sommerfeld coefficient
extracted from a fit to the specific heat data. In fact, in many cases the change appears
to be negligible (e.g., Co2FeSi), or at least practically undetectable (e.g., Co2FeAl and
Co2Mn0.5Fe0.5Si). This is especially so when one also considers experimental errors in
measuring the mass of the small samples (usually 2 - 10 mg), and less than 100% coupling
of sample with the platform in the calorimeter puck (though this coupling was always
higher than 90%).
As was shown, especially in the case of Co2FeSi, adding a Hubbard U term in the LSDA
calculations (i.e. LSDA+U), even relatively small values for U can drastically change the
DOS(EF ), and thus γ from the low-temperature specific heat. Therefore, one possible
origin for the discrepancy between calculated and experimental Sommerfeld coefficients
could be stronger electronic correlations hitherto unaccounted for. This would affect
the effective masses of charge carriers and corresponding Fermi velocities. For Heusler
compounds, because one assumes very localized exchange, the convention has been to
only consider the first two (or so) atomic shell environments in order to calculate, e.g.,
an acceptable estimate of the Curie temperature [157]. Therefore, another possibility
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Figure 7.36: Comparison of experimental and calculated Sommerfeld coefficients
(γexp vs. γcal ), illustrating the negligible deviation between the two different γexp
values, from the fitting with and without a magnonic term. Pairs with the same γcal
correspond to the same compound.
is that maybe higher-shell correlations need to be taken into account in calculating the
DOS.
In conclusion, a magnonic contribution can be included in the fitting of low-temperature
specific heat, by obtaining spin-wave stiffness D from thermomagnetization measure-
ments and calculating α. On the other hand, it has been shown here that in all cases of
Co2-based Heusler compounds studied in this investigation, the decrease in the experi-
mental Sommerfeld coefficient, resulting from the addition of α in the fit, is practically
negligible, and therefore cannot account for most of the discrepancy between the γ values
extracted from experimental data and those obtained from DFT calculations. In most
of the samples investigated, the similarity between the saturated magnetic moments
and the corresponding SP values indicate considerably high crystalline order in the bulk
samples, generally. Therefore it can be concluded that LSDA by itself is inadequate for
computing DOS(EF ) for several Co2-based Heusler compounds (e.g., including Co2FeSi,
the Co2Cr0.6−xFe0.4Al1+x series, and Co2NbSn), and that some other techniques (e.g.,
dynamic mean field theory (DMFT) [158], which combines the DFT method with a
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static mean-field approximation for a lattice model) should be put to test in order to
see if any could better model the electronic properties of these Heusler compounds.
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Conclusions and Reflections
Some authorities in the community would state that, strictly speaking, half-metallic
ferromagnetism is only obtainable at absolute zero temperature, since any amount of
magnons or phonons would instantly reduce the 100% spin polarization upon even the
smallest thermal fluctuations above 0 K [156, 159]. Though I did not directly measure
spin-polarization, the unifying theme of this work revolves around the ongoing search for
ideal half-metallic ferromagnetic candidates, among the family of ternary and quater-
nary Co2-based Heusler compounds (Co2Y Z, Co2Y1−xY ′xZ, and Co2Y Z1−xZ ′x). I have
investigated two crucial routes which significantly aid in this endeavor.
For one, in order to meet the challenge of realizing and attaining optimized materials
for spintronic applications, a thorough understanding of the structure-to-property rela-
tionships is one of the necessary conditions that must be satisfied. By closely examining
the evolution of the intrinsic properties of structure on the local scale, provided by nu-
clear magnetic resonance, upon varying different degrees of freedom (e.g., post-annealing
temperature, perturbing the stoichiometry, etc.), one could find the best set of param-
eters to reduce or even eliminate unfavorable defects, such as certain antisites or phase
dynamics, which in turn degrade macroscopic physical properties from optimal values.
In Chapter 4, 59Co NMR spectra of Co2MnSi thin films annealed at 550
◦C and 600◦C
were compared with an off-stoichiometric bulk sample, and it was shown that the source
of the shoulder on the low frequency side of the main resonance line observed in the
films was due to the off-stoichiometry between the Mn and Co, namely Co occupying
up to 12% of Mn sites. With increasing annealing temperatures, we have shown an
evolution in the films towards a higher degree of L21-type order. The decrease of the
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main line shoulders in both the 59Co and 55Mn spectra proved that Co-Mn disorder does
not increase above 550◦C, as was previously predicted from XRD data [66]. Ruling out
this type of disorder as the cause of the drastic drop in the MR ratio reported for the
600◦C-annealed device [66], the drop appears to result rather from interdiffusion at the
Ag/CMS interfaces. Additional support for this claim was shown in the restoring fields
of the different films and how they correlated with previously coercive field measure-
ments. From this study, we realized that the optimization of CMS films for spintronic
applications appears to include a procedure of fine-tuning the underlying atomic stuc-
ture by annealing at an optimized temperature where maximum L21 order is obtained,
but simultaneously interfacial interdiffusion or the emergence of unfavorable secondary
phases is avoided.
In Chapter 5, both 59Co and 55Mn NMR spectra for Co2MnxSi0.88 thin films with varying
amounts of Mn were measured and analyzed. MnSi antisites were found to compensate
for the 12% Si deficiency in the two Mn-rich films (x = 1.12, 1.32). CoMn antisites were
additionally found for the Mn-poor film with a distribution concentration of around 12%
of Mn sites. Lack of evidence in the spectra of Mn-rich films for CoMn antisites should be
a contributing factor for higher TMR ratios measured for MTJs composed of electrodes
with such Mn-rich stoichiometries. The consistency of the 59Co and 55Mn data for two
of the films helped fortify these claims. MnCo was additionally seen in the spectra for
Mn-rich thin films. Phase segragation may account for the unidentified lines in the Mn
spectrum for the x = 1.32 thin film, due to Mn excess in the compound’s stoichiometry.
In Chapter 6 another NMR study was reviewed, focusing on the structural differences in
bulk crystals and thin films of Co2Mn1−xFexSi and how they affected ultrafast magne-
tization dynamics probed (by another research group) with TR-MOKE. Different types
of order were identified, and the main conclusion that could be drawn here was that for
both Co2FeSi and Co2Mn1−xFexSi (x <1) systems, it was found that the bulk crystals
exhibited a higher degree of order than the corresponding films. This helps explain why,
on the 1-15 picosecond timescale, re-magnetization was measured to be faster for the
films, because of more spin-flip scattering processes from point defects. Since the field of
spintronics depends on the fabrication of thin film devices, rather than bulk materials,
these NMR results show that in order to optimize the physical properties (such as the
magnetoresistance of spintronics devices, e.g. MTJs or CPP-GMR spin valves), does
not only require identifying compounds with ideal intrinsic properties, but just as (or
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more) importantly it depends upon finding the best deposition conditions in order to
fabricate the best quality epitaxial films with smooth, sharp interfaces.
Another ultimate goal of material science and physics is to be able to thoroughly un-
derstand why some materials exhibit certain characteristics while others do not. Hence,
the second route I took to help uncover the ideal materials for, in this case, spintronic
applications, was to check the correspondence between thermal and magnetic proper-
ties measured on real bulk crystals with those calculated via electronic band structure
techniques.
This was the motivation for the systematic investigations summarized in Chapter 7.
Here it was concluded that a spin-wave component can be added to the electronic and
lattice contributions in the fitting of low-temperature specific heat, by obtaining spin-
wave stiffness D from thermomagnetization measurements and calculating α. However,
in every Co2-based Heusler compound examined, taking error bars into account, the
reduction in the fitted Sommerfeld coefficient is negligible. Thus, this additional term in
the specific heat expansion cannot alone account for the discrepancy between the values
extracted from the fits and those calculated from band-structure. The similarity between
the measured magnetic moments and the Slater-Pauling theoretical values indicate that
relatively high order existed in the bulk samples, thus ruling out disorder as a candidate
for the discrepancy. Most of the compositions had an experimental Sommerfeld coeffi-
cient roughly twice the value of the calculated one, thus indicating a potentially missing
normalization factor in the calculational methods. However, for some other Co2-based
Heusler compounds (from this study, e.g., Co2FeSi, the Co2Cr0.6−xFe0.4Al1+x series,
and Co2NbSn), it appears another band structure technique (e.g., DMFT) would better
model the electronic properties of such Heusler compounds. This progress is essential
for making reliable calculations that would allow one to identify, from first principles,
specific compositions with optimal properties for various applications.
There are myriad possible combinations of elements from the periodic table, even af-
ter excluding those which are thermodynamically impossible to create from the list. To
significantly cut down on the amount of time needed to identify the best material compo-
sitions for a given property goal (e.g., maximum spin-polarization at the Fermi energy),
theorists can aid experimentalists by providing reliable calculations which eliminate cer-
tain compositions and considerably narrow the search for the ideal material. With this
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indispensible information, experimentalists can focus on preparing fewer compositions
with greater care and, in principle at least, isolate the ideal materials much more ef-
ficiently. However, this line of work involves close collaboration between the theorists
and experimentalists, and in order to improve the accuracy and reliability of theoretical
calculations (e.g. electronic band structure methods) one needs to obtain better ”initial
conditions”. There is still much work to be done in this ever-growing field.
For the case of Co2-based Heusler compounds, I’ve learned over the past few years how
identifying and quantifying the various structure types and antisite defects present in a
sample, whether bulk crystal or thin film, is a crucial step towards better understanding
the material’s physical properties, and ultimately towards optimizing those properties
for improved applications, such as higher-performing magnetoresistive devices.
A
Synthesis Methods
A.1 Arc Furnace Melting
Polycrystalline ingots were cast via melting in an electric arc furnace. In such a furnace,
one places the starting material inside a chamber that is subsequently sealed, evacuated,
and has the air replaced with an inert Argon gas atmosphere. There is a sharp-tipped
tungsten (W) electrode and a water-cooled copper (Cu) hearth (the latter is the bottom
of the chamber, where the starting material is placed in a depression of the mold). When
an electric potential is created betwen the electrode and hearth, and when the W-tip
comes in contact with the hearth a greenish arc of plasma is formed. Then, a piece of
Ti or Zr, which is also placed inside the chamber (separate from the starter materials)
as a so-called ”getter” material, is melted under the plasma arc in order to remove any
trace amounts of oxygen before moving on the the starting materials. Finally the arc is
brought close to the materials by controlling and moving the W-tip. After the starting
materials all melt together, the arc is broken and the newly-formed ingot cools very
rapidly due to the water circulating through the Cu hearth. The ingot is flipped over
and remelted twice, in order to promote homogeneous mixing during the melt. One must
take care not to apply too strong of an arc or for too long (especially during the initial
melting of starting materials) as evaporation of some more volatile starting elements can
occur. All casts were done by Ahmad Omar, except for the bulk sample used in Chapter
4, which was cast and post-annealed by Ms. R. Mu¨ller.
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A.2 Floating Zone Method
Floating zone (FZ) growth of materials in this work was carried out using optical heat-
ing in a furnace with 2 ellipsoidal mirrors (i.e., an optical floating zone furnace). This
is a crystal growth technique which can be used to synthesize potentially high-quality
single crystals in many systems of both oxides and intermetallics. One main attraction
of this method is that materials with incongruently-melting phases can be grown, which
is difficult to impossible to do with other single-crystal growth techniques, such as the
Czochralski or Bridgman methods. Other advantages of the FZ method is that no cru-
cible is necessary for the growth, materials melting even higher than 2500 ◦C can be
grown, and with the right accessories, growth can be done under high pressure (at least
up to 10 atm) and in a controlled gas atmosphere. During the growth a zone of molten
material (the focal point of heat, usually referred to as the ”molten zone”) travels up the
polycrystalline ”feed rod”, by pulling the sample downwards, and crystalization occurs
upon the cooling area below the molten zone. The relatively large thermal gradient on
this crystalization front reduces the possibility for cooling the material too rapidly (un-
favorable for single crystal growth) and also allows for growth of incongruently melting
systems. For a review of the FZ crystal growth method, see e.g. [124]. CFS and CFMS
single crystals, used in the analysis presented in Chapters 6 and 7, were grown by C. G.
F. Blum. All other samples were grown by A. Omar.
A.3 Magnetron Sputtering
Sputtering is the most commonly used technique to produce thin films on an industrial
scale, as it is much faster than other thin film deposition methods, such as pulsed laser
deposition (PLD) or molecular beam epitaxy (MBE). In sputtering, a target (of mate-
rial with the same or similar composition to that desired in the film) is bombarded with
highly energetic ions of an inert gas (usually Ar+), thus creating a discharge plasma.
Subsequently, the atoms removed or ”sputtered” from the target condense or ”deposit”
into a film on top of a chosen substrate (e.g. MgO). ”Magnetron” sputtering oper-
ates under lower pressures and voltages than conventional, basic sputtering. For more
information on sputtering and other thin film deposition methods, see [106]. Films in-
vestigated in this work were produced by several collaborating groups in Japan. Thanks
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goes to Y. Sakuraba, S. Bosu, and K. Takanashi from Tohoku University in Sendai for
the CMS stacks studied in Chapter 4, T. Taira and M. Yamamoto from Hokkaido Uni-
versity in Sapporo for the CMS stacks discussed in Chapter 5, and H. Naganuma, M.
Oogane and Y. Ando, also from Tohoku University, for their CFS and CMS films used
in the study presented in Chapter 6.

B
Sample Details from Specific Heat Analyses
Table B.1: Details of bulk samples used in the specific heat analyses in Chapter 7
Compound Growth Method Post-growth Annealing Conditions
Co2FeSi Floating Zone
Co2FeAl Floating Zone
Co2FeAl0.5Si0.5 Arc-Melting 1000
◦ for 7 days
Co2MnSi Floating Zone
Co2Mn0.5Fe0.5Si Arc-Melting 900
◦ for 7 days
Co2MnGe Arc-Melting 1000
◦ for 7 days
Co2Cr0.6Fe0.4Al Floating Zone
Co2Cr0.4Fe0.4Al1.2 Floating Zone
Co2NbSn Floating Zone
Co2TiGa Floating Zone
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C
Sommerfeld Coefficient Calculation
The theoretical values of Sommerfeld coefficients were calculated from electronic band
structure calculations performed by J. Trinckauf. He employed the DFT method known
as the local spin-density approximation (LSDA). Below is an outline of how this method
was applied to the compounds in chapter 7, but for further background on the calcula-
tional details, see section 3 in [157] and the citations listed therein.
These band structure calculations produce (among other electronic properties) the DOS(EF ),
from which the Sommerfeld coefficients can readily be found by using Eq. 2.18 and
converting units. Additionally, the γ values of all the Fe-containing compounds were
calculated with LSDA+U, adding an on-site Hubbard repulsive energy U to account for
strong electronic correlations. The values of U were varied until the saturation magnetic
moment values produced by the calculations matched those predicted by the SP rule for
the corresponding compound. The value of U used for Co2FeZ was 4 eV on the Fe 3d
orbitals.
The addition of a Hubbard U potential can also drastically affect the DOS(EF ), as can be
seen particularly in the case of Co2FeSi in Table 7.2, as previously reported [28, 99]. For
the computations, the compounds were assumed to be in an ideal L21 crystal structure,
and lattice constants 1 were found and inserted into the calculations. The raw output
of these calculations, before conversions, comes in units of states per Hartree (Ha)2.
1For some compounds these were measured by Rietveld refinement of XRD data (by Ahmad Omar
[134]), but most were found in the literature.
2Also known as Hartree energy, one Hartree is approximately the electric potential energy of a
hydrogen atom in its ground state (not taking relativistic corrections into account), which equals mec
2α2,
where me is the electron mass, c is the speed of light, and α here is the fine structure constant.
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Virtual crystal approximation, or VCA [160], was included in the calculations of DOS(EF )
for quaternary compounds of the type X2Y Z1−xZ ′x to take into account the random mix-
ing of non-magnetic Z and Z ′ atoms on the 4a Wyckoff positions. In this work it was
applied to the quaternary Heusler compound Co2FeAl0.5Si0.5 (§7.1.3).
For Heusler compounds with two different 3d metals on the Y site, i.e. X2Y1−xY ′xZ,
the valence band is affected in the band structure calculations and so VCA cannot be
used as a good approximation method [158], but instead the slightly more involved CPA
(coherent potential approximation) method was implemented to simulate the random
distribution of Y and Y ′ atoms across the 4b Wyckoff sites. Among the investigated com-
positions in this work, CPA was applied to Co2Mn0.5Fe0.5Si and Co2Cr0.6−xFe0.4Al1+x
(x = 0, 0.2).
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